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Abstract
A d i f f e r e n t i a l  a b s o r p t io n  l i d a r  (DIAL) sys tem , based  on a xenon c h lo r id e  
exc irae r  l a s e r ,  has been deve loped  and a p p l i e d  t o  m easurem ents  o f  
a tm o s p h e r ic  s u lp h u r  d io x id e .  T h is  t h e s i s  d e s c r ib e s  the  b a s i s  of th e  
technique, the co n s tru c tio n  and opera tion  of the  prototype system, and i t s  
th e o re t ic a l  and p ra c t ic a l  s e n s i t i v i t y  to sulphur dioxide Concentration,
The sys tem , c o m p r is in g  th e  l a s e r ,  t e l e s c o p e ,  d e t e c t o r  and d a ta  h a n d l in g  
equ ipm ent was deve loped  f o r  r o b u s tn e s s  i n  th e  f i e l d ,  and novel f e a t u r e s  
have been in c lu d e d  f o r  t h i s  purpose . The Newtonian type  te l e s c o p e  was 
chosen f o r  i t s  s m a l l  image s i z e  and a d eq u a te  f i e l d - o f - v i e w .  I t  u se s  a 
"C asseg ra in "  ty p e  p r im ary  m ir r o r  and a v i s i b l e  r e f l e c t o r  a t  th e  fo c u s ,  
a llow ing d i r e c t  viewing of the s c a t te r in g  ta rg e t .  This fe a tu re  i s  used in  
c o n ju n c t io n  w i th  d i r e c t  v iew in g  th ro u g h  th e  l a s e r  c a v i t y ,  th rough  a d i ­
e l e c t r i c  coated m irro r,  to  perm it l a s e r / t e le s c o p e  alignment on the ta rg e t .
The l a s e r  i t s e l f  i s  pumped by t r a n s v e r s e  d is c h a rg e  a f t e r  corona/U,V p re ­
i o n i z a t i o n ,  L aser c h a r a c t e r i s t i c s  have been m easured. Those of p r im ary  
im p o r tan c e  to  l i d a r  a re  th e  energy  per p u ls e ,  a t  5 to  8raJ, th e  p u ls e  
d u r a t i o n  o f  32ns, th e  maximum p u ls e  r e p e t i t i o n  r a t e ,  a t  20pps, and th e  
number of p u ls e s  to  h a l f  en erg y , a t  18000 per gas  f i l l .  The e m is s io n  
spectrum of the l a s e r ,  w ith  wavelengths a t  307«92nm and 308,17nm, has been 
compared w i th  th e  a b s o r p t io n  spec trum  o f su lp h u r  d io x id e ,  showing a 
d iffe ren ce  between the re sp ec tiv e  absorp tion  c o e f f ic ie n ts .  This in d ica ted  
th e  s u i t a b i l i t y  of t h i s  p a r t i c u l a r  l a s e r  to  th e  d i f f e r e n t i a l  a b s o r p t io n  
technique.
Unique s e l e c t i o n  be tw een  th e s e  w av e le n g th s ,  per p u l s e ,  i s  d e s i r a b l e  f o r
optimum s e n s i t i v i t y  in  DIAL, However, a novel method has been devised f o r  
m od ify ing  th e  r e l a t i v e  w av e len g th  c o n te n t  o f  one of th e  p u l s e s ,  by 
i n s e r t i n g  an a b s o r p t io n  c e l l  o f su lp h u r  d io x id e  i n t o  th e  l a s e r  o p t i c a l  
c a v i t y .  The a d v an ta g e s  o f  t h i s  ove r  " d i s t i n c t "  w av e len g th  s e l e c t i o n  a r e  
cheapness and robustness. However, th e o re t ic a l  work has shown a subsequent 
l o s s  o f  s e n s i t i v i t y  to  a tm o s p h e r ic  s u lp h u r  d io x id e  c o n c e n t r a t i o n ,  by a 
f a c t o r  of ab o u t 5, A 3=elem ent b i r é f r i n g e n t  f i l t e r  has been d e s ig n e d  i n  
case a more conventional tuning method i s  required .
S p e c i f i c a t i o n  o f  the  d e t e c t o r  and i t s  o p e r a t in g  c o n d i t io n s  have been 
c l o s e l y  d e f in e d  i n  o rd e r  to  o p t im is e  s e n s i t i v i t y  to  ve ry  low l e v e l s  o f  
backscatte red  l i g h t ,  w h i l s t  reducing the e f f e c t s  of unwanted background and 
n o is e .  To t h i s  end, a s o l a r - b l i n d  p h o t o m u l t i p l i e r  has  been employed i n  
c o n ju n c t io n  w i th  a n a rrow -band  i n t e r f e r e n c e  f i l t e r ,  c e n t r e d  around  th e  
la s e r  emission wavelength,
A r e l a t i v e l y  s im p le  s i g n a l  h a n d l in g  c i r c u i t  was b u i l t  to  perfo rm  th e  
minimum requirem ent of measuring the  in te n s i ty  of backscatte red  ra d ia t io n ,  
A m ic ro -co m p u te r  i s  used to  c o n t r o l  th e  c i r c u i t r y  i n  t e s t  and d a ta  
a c q u i s i t i o n  modes, and to  s t o r e  d a ta ,  a l lo w in g  s ig n a l  a v e ra g in g  and 
su b seq u en t d a ta  a n a l y s i s .  Program a lg o r i th m s  f o r  d a ta  a n a l y s i s  were 
developed from l i d a r  and DIAL theory,
A t h e o r e t i c a l  i n v e s t i g a t i o n  o f  a tm o sp h e r ic  s c a t t e r i n g  p r o p e r t i e s  was 
c a r r ie d -o u t  to provide s c a t t e r  c o e f f i c i e n t s  f o r  a p p l i c a t i o n  i n  th e  l i d a r  
e q u a t io n .  The v a l i d i t y  o f  th e  l i d a r  e q u a t io n  was proved when com pu te r-  
modelled o sc i l lo sco p e  t r a c e s  o f  l i d a r  re tu rn  s ig n a ls  were found to  match, 
c l o s e l y ,  e x p e r im e n ta l  t r a c e s  o f  r e t u r n  s i g n a l s  from th e  smoke plume a t  
Methil power s ta t io n ,  A th e o re t ic a l  trea tm en t,  using the  l i d a r  equation.
gave e x p re s s io n s  f o r  t a r g e t  gas  c o n c e n t r a t i o n s  a s  a f u n c t io n  o f  r e t u r n  
s i g n a l  i n t e n s i t i e s .  T h is  was done f o r  the  c ase  where un ique  w av e len g th  
pulses  are  t ra n sm it te d  in to  the  atmosphere and was repeated  fo r  the  case of 
"mixed wavelength" pu lses , applying to  the DIAL experiment.
P r e d i c t i o n  o f  s e n s i t i v i t y  o f th e  system  in  m easu r in g  s u lp h u r  d io x id e  
c o n c e n t r a t i o n  i s  based  on th e  n o is e  c o n te n t  o f  th e  r e t u r n  s i g n a l s .  The 
a n a l y s i s  has  g iv en  a d e t e c t i o n  l i m i t  range o f about lOppm.m to  BOOppm.m, 
fo r  the "mixed wavelength" a p p l ic a t io n  and an expected range o f 2ppm,m to  
I60ppra.m i f  the  l a s e r  i s  tuned conventionally , depending on s ig n a l  s tren g th  
and number of averaged  p u ls e  p a i r s .  E r r o r s  e x p ec te d  i n  m easurem en ts  o f  
f i n i t e  sulphur dioxide concen tra tions  a re  given.
The system was app lied  to  measuring sulphur dioxide, em itted  under c o n tro l ,  
i n t o  th e  pa th  o f  th e  l a s e r  p u ls e .  Measured peaks o f  abou t 120ppm were 
expected and measurements taken success ive ly  a re  in  agreement w ith  expected 
d isp e rsa l  ra te s .  F lu c tu a tio n s  o f  measured sulphur dioxide le v e l s ,  about a 
mean, are  shown to be w ith in  the th e o re t ic a l ly -e v a lu a te d  e r ro r  l im i t s .  This 
c lo s e  agreem ent be tw een  th e o ry  and ex p e r im en t  a l lo w s  th e  t h e o r e t i c a l  
d e tec t io n  l im i t s  to be t re a te d  as  r e a l i s t i c .
To my g rand fa ther,  James Bradley,
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Chapter 1 Introduction and Review
The f i r s t  c h a p te r  o f  t h i s  t h e s i s  i s  an i n t r o d u c t i o n  to  th e  XeCl e x c irae r  
l a s e r  d i f f e r e n t i a l  a b s o r p t io n  l i d a r  (DIAL) system  f o r  m o n i to r in g  SOg in  
power s ta t io n  smoke plumes. The meaning of the acronyms l i d a r  and DIAL are 
explained l a t e r  i n  f u l l .  The system was developed a t  St,Andrews on beha lf  
of the South of Scotland E l e c t r i c i t y  Board,
Background in fo rm ation  on SOg emissions and t r a n s p o r t  and e f f e c t s  on the  
environment provide an in d ic a t io n  as to  the re levance  of such a m onitoring 
te c h n iq u e .  Other fo rm s  o f  SOg m easu ring  s y s te m s  a r e  re v iew ed  a s  a 
p re lim inary  to  in troducing  l a s e r  o p t ic a l  methods as  atmospheric probes and 
u l t im a te ly  in  d e tec t in g  SOg, A good summary of p o l lu t io n  m onitoring methods 
i s  g iv e n  i n  t a b l e  1, a f t e r  a r e p o r t  by R,S A dra in  and S .S u tton  (1979) of 
th e  C e n t r a l  E l e c t r i c i t y  G e n e ra t in g  Board, F in a l ly ,  the DIAL la s e r  system 
s p e c i f ic  to  th i s  p ro je c t  i s  in troduced, i t s  f e a tu re s  are  described b r i e f ly  
and i t  i s  compared w ith  previous types of SOg DIAL systems.
1.1 Sulphur Dioxide Emission and i t s  Environmental Effeofcs
This sec t io n  i s  a b r i e f  review of sulphur dioxide (SOg) and i t s  occurrence 
as  an environmental p o l lu ta n t .
1.1*1 Sulphur D iox ide
The s u lp h u r  c o n te n t  o f  th e  f o s s i l  f u e l s ,  o i l  o r c o a l ,  i s  o x id i s e d  upon 
combustion to  form sulphur d ioxide, a co lo u r le ss ,  tox ic  gas. From the point 
of view of t h i s  th e s i s ,  i t s  p r in c ip le  property i s  th a t  i t  re a d i ly  d isso lv es  
in  w ater to  form sulphurous ac id  which then slowly o x id ise s  to su lphu ric  
acid  (Brady and C lauser, M ate r ia ls  Handbook, 1977)*
1 .1 .2  Anthropogenic SOg Emissions
Sulphur dioxide has always been em itted  n a tu ra l ly  in to  the  atmosphere from 
vo lcan ic  a c t i v i t y  but man has added s ig n i f ic a n t ly  to  t h i s  by burning f o s s i l  
f u e l s .  The modern g lo b a l  s u lp h u r  c y c le  i s  g iv e n  i n  f i g u r e  1,1,1. The most 
s i g n i f i c a n t  i n c r e a s e  i n  European SOg e m is s io n  has  been i n  th e  p o s t  1950 
period, shown in  the  trend o f f ig u re  1,1,2.
A la rge  proportion  of atm ospheric  SOg i s  con tribu ted  by the burning of o i l  
and c o a l .  Much o f th e  SOg i s  e m i t t e d  from f o s s i l  f u e l l e d  e l e c t r i c  power 
s ta t io n s .  The res idence  time of the gas in  the  atmosphere i s  about 4 days, 
near ly  75/5 being washed ou t by ra in ,  nearly  25$ absorbed by p lan ts ,  s o i l s  
and the ocean; the  r e s t  i s  ox id ised  chemically.
The e f f e c t s  o f  SOg on th e  env ironm en t have become cause  f o r  concern , 
e s p e c i a l l y  so s in c e  th e  1950*s, fo l l o w in g  a c o r r e l a t i o n  betw een th e  1952 
r i s e  i n  th e  am bien t London l e v e l  and o th e r w is e  u n a t t r i b u t a b l e  d e a th s  
( f ig u re  1,1,3). Perhaps more se r io u s  than these  i s o la te d  cases i s  the  long-
te rra  damage to  l a k e s ,  v e g e t a t i o n  and w i l d l i f e  which has  been observed  
d u r in g  the  p a s t  10 y e a r s  or so and p a r t i a l l y  a t t r i b u t e d  to  SOg a s  a 
con tr ibu to ry  fa c to r  in  ac id  r a in  production,
1.1,3 D is t r ib u t io n  and E ffe c ts  o f  SOg Emissions in  Europe 
B efore  th e  end o f  th e  1960*s th e  SOg problem appeared  t o  be on a l o c a l  
s c a l e .  That i s ,  th e  g a se s  and smoke e m i t te d  from  f a c t o r i e s  and power 
s t a t io n s  were trapped beneath any invers ion  la y e r ,  a t  a he igh t of usually  
l e s s  th a n  40m, to  form a smog, c r e a t i n g  a h e a l t h  r i s k  i n  th e  v i c i n i t y  o f  
the e m it te rs .  The policy  fo r  rem edial a c tion  was simply to make chimneys 
t a l l e r  so th a t  em ission occurred above the in v e rs io n  lay e r  thus allow ing 
d i s p e r s i o n  and d i l u t i o n  o f  th e  smoke and g a se s  away from th e  l o c a l i t y .  
However, the continued presence of atmospheric SOg, according to  the trend 
o f f i g u r e  1.1,2, has l e d  to  p o l l u t i o n  e f f e c t s  i n  p la c e s  rem ote  from a re a s  
of in d u s t r ia l i z a t io n .  D ispersion of sulphur and n itrogen  oxides and th e i r  
re sp ec t iv e  e f f e c t s  a re  summarized in  f ig u re s  1,1,4 and 1,1.5,
The emmision of SOg r e s u l t s  i n  the  washing out of the su lphate  ion  in  acid  
r a i n ,  th e  e f f e c t s  o f  which a re  th e  s u b je c t  o f  p r e s e n t  day c o n t ro v e r s y  
(Mellanby, 1977» Harriman and Morrison, 1980; Schre iber, 1980; Hinrichsen, 
1982; Hoyle, 1982; P e a rc e ,  1982), The a c i d i t y  o f  th e  r a i n  a f f e c t s  
b u i ld in g s ,  s o i l  and w a te r  c h e m is t r y ,  v e g e t a t i o n ,  w a te r  s u p p l i e s  and 
, u l t i m a t e l y ,  human h e a l t h .  The e f f e c t s  on d i f f e r e n t  l o c a l i t i e s  va ry  
a c c o rd in g  to  the  e x i s t i n g  r e s i l i e n c e  or b u f f e r i n g  a g a i n s t  th e  de luge  o f  
a c i d i t y .  Most o f  B r i t a i n  i s  a b le  to  r e s i s t  much of th e  a c i d i t y  and has  
th e re fo re  escaped the  w orst e f f e c t s ,  these being confined to  some p a r ts  of 
N o r th e rn  S c o t la n d  (H arrim an  and M o rr iso n , 1980), In  Europe, p a r t s  o f  
Scandinavia and West Germany are  badly a ffec ted  (Mellanby, 1977» Pearce, 
1982) ,
Sulphur dioxide gas i s  poisonous to  vege ta tion , i f  exposed fo r  one hour or 
more to  le v e l s  of j u s t  l e s s  than Ippra (Heicklen, p.128, 1976; N.Irving Sax, 
1 9 6 3 ), At h ig h e r  c o n c e n t r a t i o n s ,  human h e a l t h  s u f f e r s ,  as  sum m arised  i n  
t a b l e  I . I 0I 0
land air
Figure 1.1.1 The g lob a l sulphur cy c le . Natural flo w s , m illio n s  tonnes
per year, are in  sm all fig u res  and anthropogenic flo w s are 
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Figure 1 ,1 ,3  Deaths i n  London a t t r i b u t a b l e  to  the 1952 smog, 
(Lowther, 1970)
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Instruments fo r  P o llu t io n  Monitoring 
(A fter Adrain and Sutton , 1979)
Technique
Mass spectrometry 
Gas chromatography Absorption spectroscopy 
Fluorescence spectroscopy
A pplication
Samples c o l le c ted  by 
a i r c r a f t  or ba lloons. 
High s e n s i t i v i t y  (ppb) 
Poor s p a t i a l  re so lu t io n
Long path Absorption spectroscopy
(range in te g ra te d ) C o rre la t io n  spectroscopy
High s e n s i t i v i t y  (ppb)
ppm s e n s i t i v i t y  but 
background in te r fe re n c e
Remote d e tec t io n  Sodar 
(range reso lved)
Lidar
Fluorescence l i d a r  
Raman l i d a r
D i f f e r e n t ia l  l i d a r
Wind, tu rbu lence, 
meteorological
V i s i b i l i t y  and plume 
s t ru c tu re
Low a l t i tu d e
Low range 
s e n s i t i v i t y
High (ppb) 
s e n s i t i v i t y
in d iv id u a l
p o l lu ta n ts
id e n t i f i e d
Table 1.1*1 Fast E ffec ts  o f  SOg on Health
Minimum e f f e c t iv e  
concen tra tion  (ppm) E ffect
0,3 -  1 t a s t e  d e tec t io n  th resho ld
0,5 -  3 odour de tec t io n  th resho ld
6 “ 12 i r r i t a t i o n  of nose and th ro a t
20 i r r i t a t i o n  of eyes
400 -  500 dangerous to  l i f e
10,000 i r r i t a t i o n  of moist sk in
1.2 Methods_.for_M_ea3urAng_JSulpAug-.niQxLd9_Cj:?mentrajÜJttn
This s ec t io n  r e f e r s  to  methods fo r  measuring the co ncen tra tion  o f  SOg in  
a i r .  C o n s id e ra t io n  i s  made o f  methods based on s i n g l e  p o in t  sam p lin g  
followed by a n a ly s is  and those remote sensing methods which do not employ 
l a s e r  r a d i a t i o n .  The te c h n iq u e s  may be c a t e g o r i s e d  i n t o  ch em ica l  and 
e lec tro -ch em ica l  and o p t i c a l  and r a d i a t i o n  m ethods, a l th o u g h  e x c e p t io n s  
have been noted,
1.2.1 Chemieal_and_^leotro=chemical_T&chDiau&a
Sulphur dioxide in  a sample of the  a i r  i s  re -a c ted  w ith  a l iq u id ,  s o l id  or 
gas re -ag en t which i s  ap p rop ria te  to  the  method being used to  analyse and 
d e te rm in e  th e  c o n c e n t r a t i o n .  The r e s u l t i n g  c h a n g e  i n  a p r o p e r t y ,  
a t t r i b u t a b l e  to  SOg, i s  m easured  and i n t e r p r e t e d  a s  th e  o r i g i n a l  SOg 
concen tra tion  in  the  a i r  sample. In te r f e r in g  e f f e c t s  from o th e r  gases are  
removed by f i l t r a t i o n ,
1.2.1(a) ■Ç.QiQur.iPictry. .(Pc.,
The sam ple  i s  bubb led  th ro u g h  a l i q u i d  r e - a g e n t .  The change i n  c o lo u r  
i n t e n s i t y  i s  compared w i th  a s ta n d a rd  and th e  e x t e n t  o f  th e  change i s  
In te rp re te d  as the  SOg concen tra tion ,
1.2.1(b) .Ei_ejU^:iQ,alJ?jm4vLoiLiyit y-^ ^
The sample i s  bubbled through d i lu te d  hydrogen peroxide to  ox id ise  any SOg 
to  su lphuric  ac id ,  c re a t in g  su lphate  ions. Since the  le v e l  of ions  d ic t a t e s  
th e  e l e c t r i c a l  c o n d u c t i v i ty  th e  r e s u l t i n g  change i n  c o n d u c t i v i t y  i s  
measured to  give the co ncen tra tion  of SOg in  the  sample.
1.2.1(c) V.9x.41n>19l4).
A sensor which i s  an e l e c t r o l y t i c  c e l l  i s  in troduced in to  a known volume of 
SOg laden a i r .  The e l e c t r o l y t i c  c e l l ,  w ith i t s  e lec tro d es ,  e l e c t r o ly te  and 
p o te n t ia l  chosen so th a t  they a re  ap p rop ria te  to  SOg measurement, i s  used 
to  allow re a c t io n  between SOg and the  e lec trode . Measurement of the  cu rren t  
i s  r e la te d  to  SOg concen tra tion . The sensors are  supplied  as sea led  c e l l s  
w i th  low c o s t  and s e n s i t i v i t y  to  1 ppm o f  SOg. A p a r t i c u l a r  d e t e c t o r  f o r  
the  p o ten tio m etr ic  d e te rm in a t io n  o f  gaseous  c o n c e n t r a t i o n s  used  a s o l i d  
s u lp h a te  e l e c t r o l y t e  and p la t in u m  e l e c t r o d e s  (G authier and Chamberland, 
1977). A nother s o l i d  s t a t e  d e t e c t o r  f o r  h o t  gas  a n a l y s i s  o f  SOg-SOg 
m ixtures i s  the  e l e c t r o l y t i c  technique of Gauthier e t  a l  (1981).
1.2.1(d) CouJ-ome t  r  lo_H i j^r a t i  on
The sam ple  i s  p assed  th ro u g h  a c e l l  o f  a h a lo g en  e l e c t r o l y t e  (Brg o r  Ig ) .  
The red u c tio n /o x id a tio n  p o te n t ia l  across  the c e l l  i s  dependent on the  f r e e  
ha lo g en  c o n c e n t r a t i o n  w hich i s  reduced  d u r in g  r e a c t i o n  w i th  SOg, The 
d iffe ren ce  between a f ix ed  p o te n t ia l  and the r e s u l t in g  redox p o te n t ia l  i s  
am p lif ied  and passed to  a halogen re -g en e ra to r  to  m ain ta in  halogen le v e ls .  
At the same time the cu rre n t  flow i s  measured and in te rp re te d  to  give the 
SOg concentra tion . The procedure i s  app lied  i n  f lu e  gas measurements.
Most of the  m onitoring ins trum en ts  c l a s s i f i e d  under t h i s  heading employ a 
technique based on abso rp tion  spectrom etry  or, i n  more developed form, in  
c o r r e l a t i o n  s p e c t r o m e t r y .  T h is  ty p e  o f  in s t r u m e n t  i s  more s u i t a b l e  f o r  
a c c u ra te ^  a u to m a t ic  s e n s in g  th a n  t h e  c h e m i c a l  and  e l e c t r o c h e m i c a l  
coun terpar ts .  The technique i s  s u i ta b le  fo r  sh o r t  path leng ths  over which 
the  absorp tion  e f f e c t s  can be in teg ra ted .
1.2.2(a) .Ab3Qrpfcioa-.5pe,Q-trjpme-fct!y_
In absorp tion  spectrom etry  measurement i s  made of the  le v e l  of r a d ia t io n  
a f t e r  i t  has passed  th ro u g h  a sam ple of th e  gas  w i th  known a b s o r p t io n  
c ro ss -sec tio n .  By comparing the  measurement w ith  respec t to  an unattenuated 
r e f e r e n c e  so u rc e  o f  th e  r a d i a t i o n  th e  d i f f e r e n c e  can be i n t e r p r e t e d  a s  
c o n c e n t r a t i o n  u s in g  an a lg o r i th m  o f th e  form o f  th e  B eer-L am bert  
exponential. The re fe rence  a llow s compensation fo r  v a r ia t io n s  in  p ressu re , 
tem perature or volume and any fo r  gases which may o therw ise  in t e r f e r e  w ith  
the  r e s u l t ,
A r e c e n t l y  r e p o r te d  UV a b s o r p t io n  in s t r u m e n t  i s  c ap a b le  o f  a u to m a t ic  
c o n t in u o u s  m easurem ent o f  SOg, NO and NOg a i r  p o l l u t a n t s  (Izurai and 
Nakamura, 1981» Izum i e t  a l ,  1981), A more unu su a l d ev ice  u se s  X-ray 
absorp tion  spectrom etry to  analyse a sample in  which the SOg content has 
been i s o la te d  by gas chromatography (Rudichenko and Dobrochiver, 1976).
1.2.2(b) Cojrrel-atlQiL-SP e c trom  e t  r  v
C o r r e l a t i o n  s p e c t r o m e t r y  i s  a developm ent from th e  b a s ic  a b s o r p t io n  
spectrometry. The de tec ted  ra d ia t io n ,  having passed through the ta rg e t  gas 
la d e n  a tm o sp h ere ,  i s  d i s p e r s e d  by a g r a t i n g  s p e c t r o m e te r .  The d i s p e r s e d  
ra d ia t io n  i s  passed through a mask w ith  s l i t s  corresponding to  the sp e c tra l  
l o c a t i o n  o f  t a r g e t  gas  a b s o r p t io n  peaks. M easurem ents o f  th e  r a d i a t i o n  
in te n s i ty  a t  the  absorp tion  fe a tu re s ,  in  r e l a t i o n  to  a s tandard, provides 
the  ta rg e t  gas concen tra tion  r e s u l t .  The ra d ia t io n  source can be sk y lig h t ,  
e a r th ’s surface  r e f le c te d  su n lig h t  or an a r t i f i c i a l  source. The technique 
can be used to  measure ambient le v e l s  over a long in te g ra te d  path or f lu e  
gas concentra tions . The ra d ia t io n  source can be remote from the d e tec to r  
and c o r re la t io n  ins trum ent in  a closed path s i tu a t io n  or they may be housed 
to g e th e r  fo r  open path remote monitoring. C o rre la tion  ins trum en ts  and the
d i f f e r e n t i a l  l a s e r  l i d a r  system described in  l a t e r  sec tions  are  the only 
methods used g enera lly  fo r  measuring t ra c e  le v e ls  of SOg in  the atmosphere, 
away from the e a r th ’s su rface  (Hamilton e t  a l ,  1978).
C r o s s - s t a c k  f l u e  g a s  m o n i to r in g  has been c a r r i e d  o u t  u s in g  an  IR 
c o r r e la t io n  spec trom eter, capable o f  measuring 100 ppm w ith  20# accuracy 
(H erge t e t  a l ,  1976; Tanabe and H e rg e t ,  1976), An i n t e r e s t i n g  f e a t u r e  o f  
t h i s  i s  the  gas flow used to  purge the  rece iv e r  and t r a n s m i t te r  windows to  
ensure minimal lo s se s  i n  the h o s t i l e  environment of the  chimney. Sensing of 
a i r  p o l l u t a n t s  over a long  i n t e g r a t e d  p a th  can be done u s in g  s k y l i g h t  a s  
th e  l i g h t  so u rce  (O n d e r l in d en  and S ta ck eo , 1977). However, m ost SOg 
monitors of t h i s  type appear to  use a r t i f i c i a l  r a d ia t io n  sources w ith  the  
p o s s i b i l i t y  o f  o b t a in in g  range  in f o r m a t io n  o r  o f  h ig h e r  power s i g n a l s  
( E v a n g e l i s t !  e t  a l ,  1977), Long p a th  m easurem ents  av erag ed  over 24 hours  
have been taken a t  Drax power s t a t io n ,  Yorkshire, using an a r t i f i c i a l  l i g h t  
so u rc e  (S andron i and C e r u t t i ,  1977), The d e t e c t i o n  l i m i t s  a ch iev ed  were 
SOppb, Sources of UV ra d ia t io n  have been employed fo r  t r a c e  SOg measurement 
o f  th e  a tm osphere  (H am ilton  a t  a l ,  1978) w i th  th e  UV c o r r e l a t i o n  
spectrom eter being used to  in v e s t ig a te  SOg tra n sp o r t  from power s ta t io n s  in  
conjunction w ith  UV la s e r  l i d a r ,  described in  the  sec t io n s  below (Houlgate 
e t  a l ,  1977).
A lthough no t g e n e r a l l y  employed a s  a ground based method f o r  m easu ring  
t r a c e  SOg i n  a i r  s am p le s ,  a mass s p e c t r o m e te r  has  been used  i n  a b a l lo o n  
f l i g h t  to  measure SOg le v e ls  o f  30 ppm (Sagawa and I to h , 1977),
1.3 Lidar and Laser* Methods fo r  Sensing
This sec t io n  in troduces  the h is to ry  and development of the l a s e r  a s  a to o l  
fo r  atmospheric probing w ith  l a s e r  radar devices. The basic  theory of l i d a r  
and general s t ru c tu re  of l i d a r  systems are described. A b r ie f  d e sc r ip t io n  
of th e  methods by which a tm o s p h e r ic  s p e c i e s  may be d e te c te d  and t h e i r  
concen tra tions  measured i s  com ple ted  by an i n t r o d u c t i o n  to  d i f f e r e n t i a l  
absorp tion  l i d a r  (DIAL), inc lud ing  b asic  DIAL theory.
1.3.1 I n t r o d u c t io n
P rev io u s  to  th e  adven t o f  th e  l a s e r ,  o p t i c a l  methods f o r  d e t e c t i o n  of 
a tm o sp h e r ic  g a se s  had proved s u c c e s s f u l .  W ith in  a few y e a r s  of th e  f i r s t  
la s e r  development t h i s  in ten se  and h ighly  d i r e c t io n a l  form of ra d ia t io n  was 
being app lied  even more e f f e c t iv e ly  as  an atmospheric probe. Laser systems 
developed fo r  remote m onitoring ca rry  severa l advantages over s in g le  point 
sampling methods (Hinkley (Ed.), M elfi, Laser Monitoring of the Atmosphere, 
P .9 ) .
The acronym LIDAR i s  derived from Light Detection and Ranging (Middleton 
and S p i lh a u s ,  1953), d e s c r ib in g  th e  b a s i s  of an o p t i c a l  rem o te  s e n s in g  
system. The ranging f e a tu re  i s  obtained by measuring the  time of f l i g h t  of 
the  l i g h t  pulse to  the t a rg e t  and back to  the o r ig in . Since the e a r ly  p a rt  
o f  th e  60’s l i d a r  has been a p p l i e d  i n  ra n g in g  d e v ic e s  i n  c i v i l i a n  and 
m i l i t a r y  use, in  m eteoro log ical i n v e s t i g a t i o n  o f  a e r o s o l  l a y e r s ,  c lo u d s ,  
smog and tem perature  in v e rs io n s  and in  wind ve loc im ete rs .  The f i r s t  system 
in  l i d a r  opera tion  was repo rted  i n  1962 by Smullin and Fiocco who obtained 
r e t u r n  echoes  from th e  moon, having  t r a n s m i t t e d  a 550 Jo u le  ruby  l a s e r  
p u ls e .  They th en  a p p l i e d  th e  te c h n iq u e  to  the  d e t e c t i o n  o f s c a t t e r i n g  
l a y e r s  i n  th e  a tm o sp h ere  (F iocco  and S m u l l in ,  1963) a s  d id  G o l l i s  e t  a l ,
a l s o  u s i n g  a p u l s e d  r u b y  l a s e r  ( G o l l i s  e t  a l ,  196 4 ).  These  f i r s t  
experiments obtained s ig n a ls  which were in te n s i ty  modulated by the ex ten t 
of backsoa tter  a t  the  range of in t e r e s t .  Some of the l i d a r  ap p l ic a t io n s  a re  
d e s c r ib e d  i n  a l i t t l e  more d e t a i l  i n  the  s u b - s e c t i o n s  below. The most 
s ig n i f i c a n t  development of l i d a r  has been in  the  in v e s t ig a t io n  of s p e c i f ic  
atm ospheric  spec ies  by v i r tu e  of the  m odif ica tion  to  the  l a s e r  r a d ia t io n  on 
i t s  i n t e r a c t i o n  w i th  th o se  s p e c ie s .  Such te c h n iq u e s  a r e  a l s o  d e s c r ib e d  
below , l e a d in g  up to  th e  method o f  D i f f e r e n t i a l  A b so rp t io n  L id a r  (DIAL) 
upon which th e  exc im er l a s e r  DIAL system  of t h i s  p r o j e c t  i s  based . The 
s i n g l e - e n d e d  l i d a r  s i g n a l  i s  o b t a i n e d  th r o u g h  t h e  m ech an ism  o f  
b ack sca tte r in g  by the  ta rg e t  and atmospheric molecules or by re tu rn  by a 
r e t r o - r e f l e c t o r ,
1,3.2 L idar Equation
P ro p a g a t io n  o f  a l a s e r  p u ls e  to  th e  a tm o s p h e r ic  t a r g e t  and back to  a 
d e t e c t o r ,  shown s c h e m a t i c a l l y  i n  f i g u r e  1,3,1, i s  d e s c r ib e d  by th e  l i d a r  
e q u a t io n .  The form of t h i s  e q u a t io n  a p p l i e d  i n  c h a p te r s  8 and 9 i s  
developed in  the  f i r s t  p a r ts  of chap ter  8, However the  fo llow ing  i s  a b r i e f  
i n t r o d u c t i o n  to  th e  a c c e p te d  form of th e  e q u a t io n ,  s i m i l a r  to  t h a t  
o r ig in a l ly  used in  rad a r  ap p l ic a t io n s .
The l i d a r  equation tak es  in to  account the  a t te n u a t io n  of the  la s e r  beam by 
the s c a t te r in g  and the absorp tion  by the so l id  and l iq u id  aeroso l p a r t i c l e s  
and m o le c u la r  c o n s t i t u e n t s  o f  th e  a tm osphere , A c o r r e c t i o n  f o r  a 
p re f e r e n t i a l  180° s c a t te r in g  i s  a fu n c tio n  of the s c a t te r in g  c o e f f ic ie n t .  
The geometric c o l le c t io n  e f f ic ie n c y  and o p t ic a l  transm ission  e f f i c i e n c ie s  
a r e  in c lu d e d .  The e q u a t io n  has been e x p re s s e d  i n  v a r io u s  ways, i n c lu d in g  
those forms given by Northend e t  a l  (1966), Hamilton (1969), Ahmed (1973), 
Byer and Garbuny (1973), Adrain e t  a l  (1979), Uchino e t  a l  (1979) and Megie
and M enzies ( I 9 8 O)* I t  can  be e x p re s s e d  a s  a photon c u r r e n t  r e c e iv e d  from 
an e lem en t o f  l e n g th  A r  a t  ran g e  r  i n  th e  s i n g l e  w a v e le n g th ,  s i n g l e  
s c a t te r in g  equation given by
n®(r) s in^/z) Ar  ^ ’(A/4 T rr^)ttp tj | .exp[-2J^  «:dr » N (r)d r]  (1*3.1)
where n^ i s  th e  t o t a l  number o f  t r a n s m i t t e d  pho tons  i n  t im e r 's  tcj. and t ^  
a re  th e  t r a n s m i s s i o n  and r e c e p t i o n  e f f i c i e n c i e s  re sp e c t iv e ly ,  ^  ’ i s  the  
l i n e a r  b a c k s c a t t e r  c o e f f i c i e n t ,  A i s  th e  r e c e i v e r  a r e a ,  oc i s  th e  
combination o f  the  Rayleigh and Mie l in e a r  s c a t t e r  c o e f f ic ie n ts ,  W i s  the  
number d e n s i t y  o f  one a b so rb in g  s p e c i e s  and c/ i s  th e  a b s o r p t io n  c r o s s -  
s ec t io n  of th a t  spec ies . Sometimes the  photon terms are  rep laced  by power 
te rm s  a s  i n  th e  form  used  i n  c h a p te r  2 (N orthend e t  a l ,  1966) to  
in v e s t ig a te  te lescope  c o l le c t io n  e f f ic ie n cy .  The l i d a r  equation i s  app lied  
to  s u i t  d i f f e r e n t  l i d a r  purposes.
The b a s ic  components o f  a l i d a r  system  a re  a p u ls e d  l a s e r  t r a n s m i t t e r ,  a 
te lescope  to  c o l le c t  the s c a t te re d  l i g h t ,  a d e tec to r  to  convert the o p t ic a l  
to an e l e c t r i c a l  s ig n a l  and a s ig n a l  processing u n i t  which te rm in a te s  in  
some form of output which can be r e la te d  to  SOg concen tra tion  and range.
The l a s e r  ty p e  and w a v e len g th  i s  s e l e c t e d  f o r  th e  p a r t i c u l a r  jo b .  The 
s i n g l e  w av e len g th  l i d a r  sy s tem s  have used h igh  power p u lsed  ruby o r  COg 
l a s e r s .  System s r e q u i r i n g  a v a r i a t i o n  i n  w av e len g th  employ tu n a b le  dye 
la s e r s  pumped, fo r  example, by a frequency-doubled Nd-YAG source. L a te ly , 
a s  i n  t h i s  work, th e  u se  o f  th e  ex c im er  l a s e r  has proved to  be p ro m is in g  
f o r  CÎV a p p l i c a t i o n s .  T e le sco p e  d e s ig n  does no t have such  a broad  range  o f  
p o s s i b i l i t i e s ,  e s p e c i a l l y  f o r  o p e r a t io n  i n  th e  UV where r e f l e c t i n g
te lescopes  are  a n ecess i ty .  In  the  v i s ib l e  and near in f r a - r e d ,  a len s  based 
ins trum ent i s  d e s i r a b le ,  e s p e c ia l ly  fo r  compactness i n  some of the  range 
find ing  systems. D etectors  vary from the  simple p - i - n  diode and a m p l i f ie r  
to  th e  e x p e n s iv e ,  f a s t  r e s p o n se ,  h igh  g a in  p h o t o m u l t i p l i e r  tu b e .  The 
d e t e c t o r  i t s e l f  may be a r ra n g e d  w i th  a narrow band i n t e r f e r e n c e  f i l t e r ,  
p o la r iz e r  or spectrom eter in  a d e te c to r  head® All th ree  major components 
a r e  o f t e n  mounted t o g e t h e r  i n  a t r a n s c e i v e r  head w i th  f u l l  a l t - a z i m u t h  
movement. The e l e c t r i c a l  s i g n a l  from th e  d e t e c t o r  i s  passed  ( i n  th e  
s im p le s t  case) to  an o sc il lo sco p e  to  d isp lay  vo ltage  ag a in s t  time (range), 
o r  i n t e n s i t y  m odu la ted  a g a i n s t  ran g e  and a n g le  o f  e l e v a t i o n  (A lle n  and 
Evans, 1972). U su a lly  th e  s i g n a l  i s  pa ssed  to  a s t o r a g e  system  f o r  l a t e r  
averaging and computer an a ly s is .  This type of system, inc lud ing  the l a s e r  
t r i g g e r i n g  and som etim es  th e  d e t e c t o r  g a in ,  i s  o f t e n  o p e ra te d  from a 
c e n tr a l  sw itch ing  co n tro l .  An example of a l i d a r  system, th a t  of Adrain e t  
a l  (1979), i s  g iven i n  the  block schematic o f  f ig u re  1.5.3(b).
1.3.4
Most l i d a r  systems possess  a ranging f a c i l i t y  based on a measurement of the  
f l i g h t  of the pulse to  and from a s c a t te r in g  ta rg e t .  However, c e r ta in  i tem s 
o f equipm ent have been c o n s t r u c t e d  p r i m a r i l y  a s  ra n g in g  d e v ic e s  f o r  
surveying and fo r  m i l i t a r y  use. The waveguide COg l a s e r  has l e n t  i t s e l f  to  
the  compact t ra n s m i t / r e c e iv e  o p t ic s  head o f a rangefinder w ith  a maximum 
ran g e  o f  s e v e r a l  k i l o m e t r e s  and a ran g e  acc u ra cy  o f  10m. (Hulme e t  a l ,  
1981).
1.3.5 Meteorologioar_P_robes fo r  In v e s t ig a t io n  _of_Particulate_,Mat_t_er
The e x p e r im e n ts  o f  F io cco  and S m u l l in  (1963) and G o l l i s  e t  a l  (1964) gave 
re tu rn s  from atm ospheric  ae ro so l  s c a t te r in g  la y e rs ,  proving the p o te n t ia l  
f o r  d e t e c t i o n  o f  smog and c loud  l a y e r s  (N orthend e t  a l ,  1966) and th e
location of temperature inversions.
Inform ation  on aeroso l concen tra tions  has been obtained by, amongst o thers ,  
Northam e t  a l  (1974) and R e i t e r  e t  a l  (1978) by ta k in g  a e r o s o l  r e t u r n s  i n  
com parison  to  th e  " c l e a r  a i r "  m o le c u la r  r e tu r n .  The d i f f e r e n c e  i n  th e  
s ig n a ls  i s  uniquely a t t r i b u t a b l e  to  the  aeroso l b acksca tte r .  A n a ly tica lly ,  
th e  l i d a r  e q u a t io n  o f  th e  form o f  (1.3.1) i s  r e p e a te d  f o r  th e  a e r o s o l  
S c a t te r  and "c lea r  a i r "  cases and the two equations are  ra t io e d  to  r e l a t e  
power r a t i o s  to  the  aeroso l c o e f f ic ie n t ,  which i s  in te rp re te d  as a product 
o f  th e  c r o s s - s e c t i o n  and th e  c o n c e n t r a t io n .  Northam e t  a l  compared th e  
l i d a r  method w ith  conventional dustsonde measurements and obtained c lose  
c o rre la t io n .  R e i te r  e t  a l  in v e s t ig a te d  the tropospheric  and s t r a to sp h e r ic  
a e r o s o l  w i th  a com puter c o n t r o l l e d  ruby l a s e r  l i d a r ,  u s in g  th e  same 
te c h n iq u e .  The purpose  o f  th e  e x p e r im e n ts  was to  m o n i to r  a e r o s o l s  i n  
support of s tu d ie s  o f  t h e i r  e f f e c t s  on the e a r th ’s albedo and s t r a to s p h e r ic  
chem istry and the e f f e c t s  of n a tu ra l  and a r t i f i c i a l  p o l lu ta n ts  on c lim ate ,
A more p a r t i c u l a r  a p p l i c a t i o n  o f  l i d a r  i n  th e  s tu d y  o f  a e r o s o l s  i s  th e  
in v e s t ig a t io n  of smoke plume re tu rn s  in  a i r  p o l lu t io n  mapping. Two systems 
applied  in  t h i s  way were rep o rted  by Allen and Evans (1972) and Cook e t  a l  
(1972), bo th  u s in g  ruby l a s e r s  and f u l l y  m o b ile ,  van mounted equ ipm ent. 
Allen and Evans obtained in te n s i ty  modulated d isp lays  from a d isk  playback 
o f re c o rd ed  r e t u r n s ,  showing a s p a t i a l  r e p r e s e n t a t i o n  o f  smoke plume 
d isp e rsa l  and cloud formation. The work of Cook e t  a l  measured smoke plume 
transm ittance  by comparing re tu rn s  from before and a f t e r  the plume.
1.3.6 Detection of Atmospherio__Speoies,_bv, Lidac_Mefchoda
A f u r t h e r  r e f in e m e n t  to  th e  l i d a r  method o f  a tm o s p h e r ic  sounding  i s  th e  
adaption o f the  technique to  d e tec t  and measure c e r t a in  t ra c e  gases i n  the  
a tm o sp h ere  and i n  smoke plume e m is s io n s .  Three te c h n iq u e s  e x i s t  f o r  
i s o l a t i o n  o f  an i n d i v i d u a l  s p e c i e s  i n  rem ote  s in g le - e n d e d  l i d a r .  In  a 
s ingle-ended system the  mechanism fo r  s ig n a l  r e tu rn  i s  by a r e t r o - r e f l e c t o r  
o r  s u i t a b l e  to p o g ra p h ic  t a r g e t  (eg. w a l l ,  t r e e ) ,  g iv in g  a r e s u l t  w hich i s  
av erag ed  over th e  e n t i r e  p a th  l e n g th .  A l t e r n a t i v e l y ,  range  r e s o l v a b l e  
r e t u r n s  can be o b ta in e d  by d i s t r i b u t e d  b a c k s c a t t e r  from m o le c u le s  b u t  
e sp e c ia l ly  from aero so ls ,  s p e c i f ic a l ly ,  w ater vapour and smoke, along the  
o p t i c a l  p a th .  The d i s t i n c t  a d v an ta g e s  o f  such a system  a p p l ie d  to  SOg 
measurements, over a gas monitor of the  type described in  s ec t io n  1*2, i s  
the  a v a i l a b i l i t y  of r e s u l t s  w ith  l i t t l e  delay and over a range of severa l 
k i l o m e t r e s .  The t h r e e  m ethods, Raman l i d a r ,  f lu o r e s c e n c e  l i d a r  and 
d i f f e r e n t i a l  a b s o r p t io n  l i d a r  (DIAL) a re  o u t l i n e d  below , th e  fo rm er  two 
w ith  some examples. DIAL i s  explained and developed more fu l l y  in  the  next 
sec t io n ,
1.3.6(a) ÂâmâQjLiiâajEL
In Raman l i d a r ,  a wavelength i s  t ra n sm it te d  to  e x c i te  the  ta rg e t  molecules 
contained, say, w ith in  a smoke plume. Most of the  r a d ia t io n  s c a t te re d  and 
c o l l e c t e d  from th e  plume i s  a t  th e  o r i g i n a l  l a s e r  w av len g th .  However, a 
s m a l l  p r o p o r t io n  i s  s h i f t e d  s p e c t r a l l y  to  a n o th e r  w av e len g th  w hich  i s  
p ecu l ia r  to  the  ta r g e t  molecule, enabling i t s  id e n t i f i c a t io n .  This Raman 
s h i f t  i s  dependent on the  in te r n a l  molecular v ib ra t io n  and r o ta t io n  le v e ls .  
The le v e l  of the  wavelength s h i f te d  component i s  analysed and in te rp re te d  
a s  th e  c o n c e n t r a t i o n  o f  th e  t a r g e t  m o lecu le .  Raman s c a t t e r i n g  c r o s s -  
sec t io n s  a re  very sm all so the  process i s  u sua lly  l im i te d  to  measurements 
o f high concen tra tion  a t  low range (Derr and L i t t l e ,  1970),
Some of the f i r s t  Raman l i d a r  experiments were c a r r ie d  out by Kobayasi and 
Inaba  (1970) to  m easure  c o n c e n t r a t i o n s  of some a tm o s p h e r ic  g a se s  and 
c o n s t i t u e n t s  o f  an o i l  plume. P u ls e s  from a ruby l a s e r  a t  694,3 nm were 
t r a n s m i t t e d  and r e t u r n s  r e c e iv e d  by a r e f l e c t i n g  t e l e s c o p e  from ra n g e s  
w ith in  200 m, A g ra t in g  monochromator was used to  s e le c t  the  Raman sh i f te d  
w a v e len g th s  c o r re sp o n d in g  to  th e  p a r t i c u l a r  s p e c ie s .  The a tm o s p h e r ic  
c o n s t i tu e n ts  Og, Ng and CO2 were detected. In an a r t i f i c i a l l y  produced o i l  
plume SO2 and CO were detec ted . The Raman sp ec tra  of these gases i s  given 
(Kobayasi and Inaba, 1970) in  f ig u re  1,3,2, The th e o re t ic a l  d e tec t io n  l i m i t  
o f  SO2  i n  t h i s  c a se  was g iv e n  a s  1,2 ppm a t  20 m range .
In  1974 Zakharov and Torgovichev developed a mobile l i d a r  system, using a 
UV dye l a s e r  source, w ith  which they obtained s t im u la ted  Raman sp ec tra  of 
M2 , H2 O and CO2  from f ree  atm ospheric  r e tu rn s  a t  100 m range. The resonant 
Raman spectrum of O2 was noted from the same experiment. An a r t i f i c i a l l y  
c o n tam in a te d  a tm o sp h ere  gave s t i m u l a t e d  Raman s p e c t r a  o f  CO2 and C2 H2J, 
Zakharov and Torgichev then ap p lied  the system to  measurement of NO2 , HgCO 
and H2 S from v e h ic l e  e x h a u s ts ,  i n c lu d in g  CO, CO2 , C2 H% and NO from a 
t r a f f i c  en v iro n m e n t ,  th u s  p ro v in g  th e  v a lu e  o f such  a rem o te  s e n s in g  
te c h n iq u e .  Both of th e se  l a t t e r  p r o j e c t s  d e te c te d  a tm o s p h e r ic  n i t r o g e n  
amongst the o ther gases. M elfi (1972), using a ruby l a s e r  source, used the 
m easurem ent o f  Raman s c a t t e r i n g  by n i t r o g e n  a s  a way of m easu ring  
atm ospheric  transm ission .
I t  has been usual fo r a ruby la se r  or conventionally  pumped dye l a s e r  to be 
a p p l i e d  a s  the  so u rc e  i n  Raman l i d a r .  However, i t  would ap p ea r  p o s s ib l e  
th a t  the XeCl'^ excimer l a s e r ,  the source used in  t h i s  work, may be applied  
as a Raman l i d a r  source i f  Raman s c a t te r in g  c ro s s -s e c t io n s  of in t e r e s t in g
s p e c i e s  were g r e a t  enough to  p ro v id e  u s e f u l  Raman s p e c t r a .  Work on th e  
Raman s h i f t in g  of excimer wavelengths i s  being c a r r ie d  out w ith in  the  l a s e r  
group a t  St.Andrews ( I .P a rk  and A .M aitland , St.Andrews) though no t w i th  
d i r e c t  a p p l ic a t io n  to  remote Raman s c a t te r in g  by atm ospheric  species,
1.3.6(b)
Fluorescence l i d a r  uses a l a s e r  pulse of a wavelength which i s  s p e c i f ic a l ly  
s i tu a te d  a t  the absorp tion  peak of the  ta rg e t  gas. The ta rg e t  gas molecules 
f lu o resce  over a broad band from near the  l a s e r  wavelength up to  the  i n f r a ­
red, w ith  a s p e c t ra l  c h a r a c t e r i s t i c  which i s  p ecu lia r  to  the gas. This has 
s i m i l a r i t y  to the Raman method where transm iss ion  and d e tec t io n  equipment 
opera te  a t  d i f f e r e n t  wavelength (Derr and L i t t l e ,  1970). Measurement of the 
f lu o r e s c e n c e  b a c k s c a t t e r  g iv e s  a m easure  o f  gas  abundance. However, th e  
method i s  no t easy  to  a p p ly  to  g iv e  a b s o lu t e  v a lu e s  u n le s s  a r e f e r e n c e  
molecule i s  used to  give a r e l a t i v e  r e s u l t .  The low le v e l  of fluorescence  
r e t u r n s ,  i n  co m p ariso n  w i th  background l e v e l s ,  makes th e  method more 
s u i ta b le  to  n igh t tim e opera tion .
The p o s s ib i l i ty  of using fluorescence  l i d a r  fo r  measuring atmospheric NOg 
c o n c e n t r a t i o n s  has been d i s c u s s e d  and a n a ly s e d  by Gelbwachs (1973) w i th  
s p e c i f i c  regard  to  comparison o f the  method w ith  DIAL. The conclusion was 
th a t ,  although DIAL overcomes the problem of acheiving g re a te r  s e n s i t i v i t y  
in  the  presence of daytime background, fluorescence l i d a r  may have a ro le  
to  p lay  i n  c l e a r  sky n ig h t  t im e  d e t e c t i o n  o f  NOg, Zakharov and T org ichev
(1974) reported  the  s trong  fluorescence  sp ec tra  of vapours and ae ro so ls  of 
d ie se l  fu e l ,  benzene, s o i l  dust and In d u s t r ia l  smoke, a llow ing them to  be 
i d e n t i f i e d  i n  an  a n a l y s i s  o f  th e  f lu o r e s c e n c e  s p e c t r a  o b ta in e d  from a 
v e h i c u l a r  t r a f f i c  en v iro n m en t a t  300 to  500 ra ran g e , s u p p lem en ta ry  to  a 
Raman study (described above) which gave s ig n a ls  which were weaker by 100
( s t i m u l a t e d  Raman s c a t t e r i n g )  to  10^ ( r e s o n a n t  Raman s c a t t e r i n g )  t im e s .  
More r e c e n t l y  a r e p o r t  by S c h u s te r  and Kyle (1980) has  i n d i c a t e d  th e  
f e a s i b i l i t y  o f  s tu d y in g  plume t r a n s p o r t  and d i f f u s i o n  by o b s e rv in g  
f lu o r e s c e n c e  l i d a r  r e t u r n s  from a f l u o r e s c e n t  t r a c e r  i n j e c t e d  i n t o  th e  
plume.
F lu o re sc e n c e  l i d a r  seem s to  have i t s  m ain  a p p l i c a t i o n  p o t e n t i a l  in  
observing high le v e l s  o f  low a l t i t u d e  vapours, ae ro so ls  and dusts  and not 
in  the  i s o l a t i o n  and measurement of m olecular t ra c e  elem ents, although the 
l a t t e r  can be achieved a t  low range, using a high power pulse and s e n s i t iv e  
d e tec t io n ,
1.3.6(c)
D if f e re n t ia l  ab so rp tion  l i d a r ,  DIAL, in  co n tra s t  w ith  prev iously  described  
l i d a r  techniques, uses two wavelengths t ra n sm it te d  from two l a s e r s ,  from a 
d u a l  l i n e  l a s e r  o r  from a tu n a b le  l a s e r .  The two DIAL w a v e le n g th s  have 
d i f f e r e n t  c o r re sp o n d in g  a b s o r p t io n  c r o s s - s e c t i o n s  on th e  a b s o r p t io n  
sp ec tru m  o f  th e  t a r g e t  gas  to  be d e te c te d .  Thus, i n  m easu r in g  th e  r e t u r n  
powers from each o f the  two wavelengths, any d if fe ren ce  i s  a scribed  to  the 
p re sen c e  o f  th e  gas  o f  i n t e r e s t .  A d i s t i n c t  a d v an tag e  o v e r  Raman o r 
f lu o r e s c e n c e  l i d a r  i s  t h a t  c o n s i d e r a t i o n  o f  th e  r e t u r n  power r a t i o s  
e f f e c t i v e l y  n o rm a l i s e s  th e  r e s u l t s  i n  e l i m i n a t i n g  e f f e c t s  o f  s c a t t e r  o r  
n o n - d i f f e r e n t i a l  a b s o r p t io n .  These a r e  f a c t o r s  which can n o t ,  by t h e i r  
complex na ture , be p red ic ted  w ith  s u f f i c i e n t  accuracy.
The d e t a i l e d  a n a l y s i s ,  g iv in g  th e  DIAL e q u a t io n s ,  i n c lu d in g  a f u r t h e r  
developm ent i n  t h i s  w ork, i s  g iv e n  i n  c h a p te r  9 w i th  e v a lu a t io n s  w i th  
regard  to  the  XeCl l a s e r  system used in  SOg de tec t io n .  An in tro d u c t io n  to  
t h i s  work i s  g iv e n  i n  s e c t i o n  1,6. G e n e ra l ly ,  how ever, th e  DIAL a n a l y s i s
s t a r t s  w i th  th e  l i d a r  e q u a t io n  (1o3»1)? a p p l ie d  to  g iv e  r e t u r n  photon  
cu rren ts  from range r  as n’(r) a t  wavelength The equation  i s  repeated
fo r  wavelength to give a r e tu rn  photon curren t n". The re sp ec tiv e  t o t a l  
number of output photons and the  absorp tion  c ro s s -s e c t io n  i s  n  ^ and a t  
and ng and a t  Xg, The r e t u r n  p u ls e  a t  i s  g iv e n  by
n*(r) s(n^/'2r)Ar^’(A/4 ÎT r^)t.j.t |^.exp[-2jJoCdr -  c^-|N(r)dr] s “  ^ (1 .3 .2 )
S im ila r ly ,  the pulse a t  Xg i s  g iven by
n"(r)  !s(n2/'Zr)Ar^*(A/4Trr^)t.|.tj^.exp[-2j*’<>cdr -  2j’*^ (1.3*3)
In  e q u a t io n s  (1.3.2) and (1,3*3) th e  s c a t t e r i n g  te rm s  a re  assumed to  be 
equ ivalen t where X^  and Xg are  c lose , say w ith in  10 nm. The absorbing gas 
i s  assumed to  be un iq u e  o r o th e r  a b s o r b e r s  a re  assumed to  have th e  same 
a b s o r p t io n  a t  X.  and Xg. E q u a tio n s  ( 1 , 3 . 2 )  and ( 1 . 3 * 3 )  a re  r a t i o e d ,  
can ce ll in g  s c a t t e r  and e f f ic ie n c y  terras, to  give
n’(r ) /n "(r)  s (n^ /ng).exp[-2r^( -  <^g)N(r)dr] (1*3*4)
o
The r e t u r n  a t  th e  ran g e  r  i s  o b ta in e d  th ro u g h  th e  sam ple  l e n g th  2 r .  T h is  
a l lo w s  th e  i n t e g r a l  i n  e q u a t io n  (1*3*4) to  be a p p ro x im a ted  to  e x p re s s  th e  
m o le c u la r  number c o n c e n t r a t i o n  a s  an a v e rag e ,  N, over th e  range  i n  th e  
equation
J*^N(r)dr =0= N,r (1.3.5)
E q u a tio n  (1*3,4) i s  th e n  r e - a r r a n g e d  to  g iv e  th e  c o n c e n t r a t i o n  a s  an 
i n t e r p r e t a t i o n  o f  th e  r e t u r n  s i g n a l  power r a t i o ,  nVn" i n  th e  DIAL
r e l a t io n ,  given as
W s ( -1 /2 r (  -  t5 '2 )) . ln [(n ’( r ) / n " ( r ) ) , ( n 2 /n ^ ) ]  (1.3.6)
Equation (1.3*6) i s  a simple form of the  DIAL equation fo r  pu lses , each of 
un ique  w av e len g th .  I t  can be m o d if ie d  by a c o n v e r s io n ,  in v o lv in g  
t e m p e r a tu r e  and p r e s s u r e ,  to  g iv e  c o n c e n t r a t i o n  i n  ppm ( c h a p te r  9). The 
q u a n t i t i e s  n.| and Ug p ro v id e  n o r m a l i z a t i o n  o f  th e  r e t u r n s  f o r  v a r i a t i o n  
between the i n t e n s i t i e s  of the  two pulses.
The h i s t o r i c a l  developm ent o f  DIAL i s  d e s c r ib e d  i n  s e c t i o n  1,4, below. 



































Figure 1 .3 ,2  Raman sp ec tra  of 80%, Og, Ng, COg and CO, de tec ted  with a 
ruby l a s e r  Raman l i d a r  a t  694,3 nm.
(Kobayasi and Inaba, 1970)
1.4.1 F e a s i b i l i t y  8tudi@a_an(iJPredicjb&à_aqAoe$$. .o.f-J)lAL-(.Re.fer.rga).
The f e a s i b i l i t y  o f  DIAL has  been th e  s u b j e c t  o f  a n a l y s i s  e v e r  s in c e  th e  
id e a  was h i n t e d  a t  by Reagan (1968). At f i r s t  th e  a n a ly s e s  c o n s id e re d  th e  
r e tu rn  s ig n a l  from over the e n t i r e  de tec ted  range in  a long path monitoring 
system. For in s tan ce ,  Hanst and Morreal (1968) r e fe r re d  to  a method of a i r  
p o l lu ta n t  measurement using absorp tion  of IR ra d ia t io n  from an a r t i f i c i a l  
s o u rc e .  K i ld a l  and Byer (1971) re v iew ed  and compared l i d a r  methods and, 
a f t e r  a f e a s i b i l i t y  study of long path sampling, concluded th a t  DIAL o f f e rs  
the  best d e tec t io n  s e n s i t i v i t y .  Such long path methods were applied  l a t e r  
to  measurements of SOg by Kuhl and Spitschan (1975) and Gibson and Thomas
(1975) who used  a ÜV l a s e r  i n  th e  r e g io n  297-308 nra. However, s p a t i a l  
r e s o lu t io n  of ta rg e t  gas concen tra tion , u sefu l fo r  p o l lu t io n  mapping, has 
been the usual a p p l ic a t io n  fo r  DIAL systems.
In comparing l i d a r  methods fo r  m onitoring f r e e  atmospheric gases, a major 
f e a s i b i l i t y  in v e s t ig a t io n  o f  DIAL, by Measures and P ilon  (1972), considered 
the  possib le  a p p l ic a t io n  of a tunable  dye la s e r ,  o f fe r in g  the s e le c t io n  of 
a w av e len g th  w hich i s  most s u i t a b l e  to  th e  te c h n iq u e  used  and to  th e  
p a r t i c u l a r  t a r g e t  g as .  The DIAL, Raman s c a t t e r i n g  and f lu o r e s c e n c e  
s c a t te r in g  techniques were compared fo r  SOg d e tec t io n  and s p a t i a l  mapping. 
The c o n c lu s io n  was t h a t  DIAL i s  more s u i t a b l e ,  a s  r e g a rd s  range  and 
s e n s i t i v i t y ,  than Raman s c a t te r in g ;  the  f luorescence  method may be u sefu l 
a t  n ig h t  t im e  i f  a h ig h  l a s e r  power i s  used  f o r  low range  (<500m) 
o p e r a t io n .  DIAL s e n s i t i v i t y  to  SOg was p r e d i c t e d  to  be l e s s  th a n  0,1 ppm 
f o r  a 6m range  e lem en t  (0,6 ppra.m) a t  ra n g e s  up to  a few k i lo m e t r e s .  
However, the reduc tion  i n  long range s e n s i t i v i t y  to  higher concen tra tions , 
due to  increased  s ig n a l  absorp tion , was shown to  reduce the range of, say.
a m easurem ent o f  10 ppm (6 ppm.m) to  w i t h i n  about 1 km. DIAL s t u d i e s  f o r  
NOg and COg have been made by Byer and Garbuny (1973), Gelbwachs (1973) 
and Vanin e t  a l  (1976). Expected  s e n s i t i v i t i e s  to  NOg o f  Ippm.m have been 
rep o r ted .
1.4.2 DIAL Experiments-ln. Application. to_JG&s_&tiidia^
C o n c e n t r a t io n s  o f  t r a c e  g a se s  such  a s  NO, NOg, NgO, HgO, CH^, COg, SOg and 
Og have been measured in  DIAL experiments, summarised in  ta b le  1.4.1. One 
of the e a r l i e s t  a p p l ic a t io n s  of DIAL to  s tu d ie s  of smoke or steam plumes i s  
th a t  of G ran a ts te in  e t  a l  (1973) who s im ula ted  a steam plume contain ing  CH^  
and COg, w hich they  m easured by th e  DIAL te c h n iq u e  u s in g  b a c k s c a t t e r  o f  
HeNe ra d ia t io n  from the w ater d ro p le ts .  The HeNe l a s e r  was tuned between
3.391 ^m, an a b s o r p t io n  l i n e  o f  CH^, and 4 . 2 1 7  ^m , an a b s o r p t io n  l i n e  o f  
COg, by u s in g  a r o t a t i n g  p rism  a s  one o f  th e  c a v i ty  ends. The e x p e r im en ts  
supported the  idea of DIAL f o r  remote sensing of smoke plume p o llu ta n ts .
An ad v an tag e  o f  DIAL i s  t h a t  i t  a l lo w s  s e n s in g  o f  p o l l u t a n t s  which a re  
lo c a t e d  a t  a s i t u a t i o n  w hich  i s  rem o te  from th e  t r a n s m i s s i o n / d e t e c t i o n  
equ ipm ent. T h is  a s p e c t  was th e  b a s i s  o f  e x p e r im e n ts  from 1 974, s t a r t i n g  
w ith  tunable dye l a s e r  systems app lied  a t  wavelengths between 440 nm and 
470 nm to  NOg (G rant e t  a l ,  1974; Rothe e t  a l ,  1974) and a UV so u rce  
a p p l i e d  to  SOg and to  Og (G ran t and Hake, 1975). The e x p e r im e n ts  o f  G ran t 
e t  a l  and Grant and Hake were c a l ib ra te d  remote measurements in  th a t  the 
monitored gas was contained w ith in  a sample chamber s i tu a te d  a few hundred 
m etres aw;ay. The mechanism fo r  the re tu rn  s ig n a l  was b ack sca tte r  obtained 
from a e r o s o l s  and m o le c u le s  beh ind  th e  chamber. Such e x p e r im e n ts  
demonstrated the  f e a s i b i l i t y  of measuring f r e e  atmospheric SOg,
The f i r s t  re p o r t  of remote sampling of a t ru ly  f ree  gas was given by Rothe
e t  a l  (1974), who o p e ra te d  a tu n a b le  dye l a s e r  so u rc e  to  d e t e c t  NOg 
concen tra tions  down to  0.2 ppm over Cologne, a t  ranges w ith in  4 km.
The f i r s t  i n f r a - r e d  DIAL sy s te m , u s in g  a g r a t i n g  tuned  COg TEA l a s e r  
source, was app lied  to  measurements of atmospheric w ater vapour (Murray e t  
a l ,  1976) a t  ranges up to  12 km. Murray e t  a l  suggested the  a p p l ic a t io n  of 
COg l a s e r  w a v e le n g th s  to  DIAL m o n i to r in g  o f  Og, 80g, NHg, f r e o n  11, f r e o n  
12, freon  113, v in y l ch lo r id e ,  e thylene and methanol, although UV i s  more 
s u i t a b l e  f o r  SOg and Og m easurem en ts .  A nother system  a p p l i e d  to  w a te r  
vapour m easu rem en ts ,  u s in g  a dye l a s e r ,  u t i l i s e d  th e  w a te r  vapour 
a b s o r p t io n  band a t  590 nm (Vanin e t  a l ,  1976). A lthough on ly  th e  w a te r  
vapour experiments were repo rted  t h i s  p a r t i c u la r  system was designed as  a 
un iv e rsa l  l i d a r  fo r  opera tion  in  DIAL, Raman s c a t t e r  l i d a r ,  fluorescence  
l i d a r  and o ther  modes.
Of relevance to  t h i s  work i s  the  a p p l ic a t io n  of DIAL to  the  measurement of 
SOg em itted  in  power s t a t i o n  smoke plumes. Tunable, frequency doubled dye 
l a s e r  sy s tem s  have been a p p l i e d  to  m easure  SOg l e v e l s  n ea r  to  power 
s t a t io n  chimneys and to  in v e s t ig a te  the  long range d isp e rs io n  (Hoell e t  a l ,  
1975; A drain  e t  a l ,  1979; Hawley, 1981). More d e t a i l  o f  SOg s t u d i e s  i s  
g iv e n  i n  s e c t i o n  1.5.
Although th e  dye l a s e r  has  been th e  p r i n c i p a l  so u rc e  f o r  DIAL te c h n iq u e s  
o th e r  l a s e r s  have been used  i n  th e  d e t e c t i o n  o f  d i f f e r e n t  g a se s .  For 
exam ple, th e  HeNe l a s e r  was a p p l i e d  to  m easurem ent o f  CH^ i and COg 
( G r a n a t s t e in ,  1973), th e  COg l a s e r  was a p p l i e d  to  w a te r  vapour s t u d i e s  
(Murray e t  a l ,  1976) and to  NO m easurem ents  (Menyuk e t  a l ,  1980) and a DF 
l a s e r  DIAL has  m easured  a tm o s p h e r ic  NgO (Altmann e t  a l ,  1980). Recent 
development of the  fam ily  of exeiraer l a s e r s  (see chapter 4), producing high
powered UV pulses , has provided another source fo r  l id a r .  The XeCl* excimer 
la s e r  has a lready  been used (Uchino e t  a l ,  1979) to  observe s t r a to sp h e r ic  
ozone by a method based on DIAL, although atmospheric s c a t te r in g  p ro p e r t ie s  
were q u an tif ied  by o th e r  means. Uchino e t  a l  reviewed the p o s s i b i l i t i e s  fo r  
applying excimer l a s e r s  to  l i d a r  monitoring of the  upper atmosphere. The 
XeCl* e x c im er  l a s e r  i s  r e l e v a n t  i n  t h i s  t h e s i s  a s  th e  so u rc e  f o r  th e  SOg 
DIAL system under considera tion .
Table 1.4.1 DIAL Experiments in Application to Gas Studies
In v e s t ig a to r Radiation Gas and S i tu a t io n
Kreuzer and P a te l  
1971
G ran a ts te in  e t  a l
1973
Rothe e t  a l
1974




Murray e t  a l  
1976
Vanin e t  a l  
1976
Adrain e t  a l  
1979
Uchino e t  a l
1979
Menyuk e t  a l
1980





HeNe l a s e r
3.391 m and 4.217 m
Tunable dye l a s e r  
455nm and 470nm
Tunable dye l a s e r  
440nra and 450nm
Tunable dye l a s e r  
292.3nra and 293.3nm 
292.3nm and 294.Onm
I.R COg l a s e r  
around 10.3 m
Tunable dye l a s e r  
about 590nm
Tunable dye l a s e r  
300 .Inm and 299.5nm
XeCl* excimer l a s e r  
307.9nm and 308.2nm
I.R COg l a s e r  
around 5.3 m
DF l a s e r
3.85 m and 3.89 m
Tunable dye l a s e r  
299.32nm and 300,04nm
NO; la b .  sample c e l l
CH^, COg; la b .  steam 
plume
NOg; f r e e ,  remote 
MOgi remote sample c e l l
SOg; remote sample c e l l  
Og; remote sample c e l l
HgO; f r e e ,  remote
HgO; f r e e ,  remote
SOg; f r e e ,  remote
Oq; f r e e ,  remote
NO; f r e e ,  remote
îgO; f r e e ,  remote
SOg; f r e e ,  remote
1.5 D i f f e r e n t i a l  Absorption Lidar (DIAL) fo r  SOg Monitoring
T his  s e c t i o n  c o n c e n t r a t e s  on some p re v io u s  a p p l i c a t i o n s  o f  DIAL to  SOg 
monitoring. I t  d esc r ib es  l a s e r  sources and wavelengths and t h e i r  r e l a t io n  
to  SOg a b s o r p t io n  s p e c t r a .  I t  i n d i c a t e s  th e  form o f  p r e s e n t a t i o n  of 
in f o r m a t io n  on SOg c o n c e n t r a t i o n  and d i s p e r s a l  and th e  m easurem ent 
s e n s i t iv i ty .  P a r t i c u la r  re fe re n ce  i s  made to  the  remote sample chamber DIAL 
e x p e r im e n ts  o f  G rant and Hake (1975) and th e  m o b ile  rem o te  DIAL sy s tem s  
r e p o r t e d  by A dra in  e t  a l  (1979) and Hawley (1981)(SRI I n t e r n a t i o n a l ) ,  a l l  
u s in g  tu n a b le  dye l a s e r s  a s  th e  probe so u rc e .  D e t a i l s  o f  th e se  works a r e  
summarised i n  ta b le  1 ,5 .1 .
1.5.1 SOg DIAL Systems
The d ua l w av e len g th  DIAL method e x p la in e d  i n  s u b - s e c t i o n  1,3.6(c) i s  
app lied  to  SOg d e tec t io n  by s e le c t in g  two wavelengths so th a t  a d if fe ren ce  
e x i s t s  be tw een th e  c o r re sp o n d in g  a b s o r p t io n  c r o s s - s e c t i o n s .  This i s  
i l l u s t r a t e d  i n  th e  v i b r a t i o n a l  a b s o r p t io n  sp ec tru m  of SOg i n  f i g u r e
1.5.1 where th e  two w a v e le n g th s  a r e  shown a t  299*5 nm a t  an a b s o r p t io n  
trough and a t  300.1 nra a t  an absorp tion  pealc. The wavelength v a r ia t io n  used 
by Adrain e t  a l  in  a flashlam p pumped rhodamine dye l a s e r  was by an i n t r a -  
cav ity  b i ré f r in g e n t  f i l t e r  (b i r é f r in g e n t  f i l t e r s  are  described in  chap ter 
5) b e fo re  f req u e n cy  d o u b l in g  to  a round  300 nra w i th  an i n t r a - c a v i t y  ADP 
(ammonium dihydrogen phosphate) c ry s ta l .
The system  r e p o r te d  by Hawley (1981), used two tu n a b le  dye l a s e r s ,  each 
pumped by th e  2nd harm onic  of a Nd-YAG l a s e r .  The w a v e le n g th s ,  s t a t e d  as  
299.32 nm a t  the trough and 300,04 nm a t  the  peak, a re  in d ica ted  on the  SOg 
absorp tion  spectrum in  f ig u r e  1.5.1.
G rant and Hake (1975) s u g g e s te d  th e  use of two dye l a s e r s  f o r  n ea r  |
s im u l ta n e o u s  ( w i th i n  1 ms) p u ls e  t r a n s m is s io n ,  a s  an im provem ent on th e  |
s in g le  tunable l a s e r  system operated a t  292.3 nra and 293-3 nm.
D i f f e r e n t i a l  l i d a r  r e t u r n  s i g n a l s  a re  o b ta in e d  a t  the  d e t e c t o r  a s  a 
f u n c t i o n  o f  ran g e , a p p e a r in g  a s  a f u n c t io n  o f  t im e  on an o s c i l l o s c o p e  
trace . The ty p ic a l  form of d i f f e r e n t i a l  pulse p a ir  r e tu rn s  are  shown i n  the 
two t r a c e s  o f f ig u re  1,5*2 (Adrain and Sutton, 1979), The low range higher 
i n t e n s i ty  r e tu rn s  a re  a t t r i b u t e d  to  near f i e l d  s c a t t e r  from the atmosphere.
The l a t e r ,  low er l e v e l  p u l s e s  a r e  o b ta in e d  v i a  b a c k s c a t t e r  from a smoke 
plume. In  p laces  where the plume conta ins  SOg the d if fe ren c e  in  the ex ten t  
of the  absorp tion  between the  two wavelengths c re a te s  a r e tu rn  s ig n a l  le v e l  
d i f f e r e n t i a l ,  the  weaker s ig n a l  being a t  a wavelength corresponding to  the  
a b s o r p t io n  peak on th e  SOg spec trum  ( f i g u r e  1.5.1), The d i f f e r e n c e ,  
e x p re s s e d  a s  a s i g n a l  i n t e n s i t y  r a t i o ,  i s  i n t e r p r e t e d  a c c o rd in g  to  an 
a lg o r i th m  of th e  form o f  e q u a t io n  (1.3.6) a s  SOg c o n c e n t r a t i o n  averaged  
over the range r . An e lab o ra t io n  on equation (1.3.6), described in  chapter 
9, shows how c o n s i d e r a t i o n  o f  a n o th e r  p u ls e  p a i r  bu t from range r  + A r  
allow s range reso lved  measurements of the ta rg e t  gas. The element A r  i s  
d e te rm in e d  by th e  s p a t i a l  l e n g th  o f  th e  l a s e r  p u ls e  and th e  bandw id th  of 
the s igna l measuring system.
S ig n a l  h a n d l in g  and c o n t r o l  equipm ent i n  th e  t h r e e  exam ples  o f  SOg DIAL 
s y s te m s  have been d e s c r ib e d  by G ran t and Hake (1975), A dra in  e t  a l  (1979) 
and Hawley (1981 ) ,(  1979). Two o f th e s e  sy s tem s  a r e  i l l u s t r a t e d  i n  th e  
system  s c h e m a t ic s  re p ro d u c ed  i n  f i g u r e s  1 .5.3(a) and (b). A ll th e  sy s te m s  
use p h o t o m u l t i p l i e r  d e t e c t i o n  o f  r e t u r n  p u ls e s  fo l lo w e d  by analogue  to  
d i g i t a l  conversion and sto rage  on magnetic ta p e /d isc  or in  computer memory.
The le v e l  of s o p h is t i c a t io n  of the  a n a ly t ic a l  devices v a r ie s  from the basic
re a l - t im e  osc il lo scope  t race  and sto rage  in  the  Grant and Hake system to 
the  com puter based s i g n a l  r e t r i e v a l ,  a v e rag in g  and d a ta  p r e s e n t a t i o n  
d e s c r ib e d  by A drain  e t  a l  and Hawley (1979)* A d d i t io n a l  f e a t u r e s  in c lu d e  
m onitoring and record ing  of l a s e r  output energy fo r  pulse norm aliza tion  and 
computer con tro l of l a s e r  and d e tec to r  switching.
Once obtained, the concen tra tion  value from any p a r t i c u la r  sample element 
can be taken as  a r e s u l t  on i t s  own. However, the ranging aspect of l i d a r ,  
g iven time o f f l i g h t  measurements, a llow s SOg concen tra tion  d i s t r ib u t io n  to  
be mapped a lo n g  th e  p ro p a g a t io n  d i r e c t i o n  o f  the  l a s e r  p u ls e .  By v a ry in g  
th e  l a s e r / r e c e i v e r  i n  a l t i t u d e  and az im u th  i t  i s  p o s s ib l e  to  map the  
s p a t i a l  d i s t r i b u t i o n  o f  SOg in  a l l  d im en s io n s .  I t  has  been more u s e f u l ,  
however, to  consider sec t io n s  (2 dimensions) through the atmosphere, each 
i n  a v e r t i c a l  or a h o r i z o n t a l  p la n e ,  A r e p o r t  by Hawley (1981) shows a 
h o r i z o n t a l  ground l e v e l  s ca n  ta k e n  a t  f i v e  az im u th  a n g le s ,  g iv in g  SOg
concen tra tions  around a power s ta t io n  chimney; t h i s  i s  reproduced in  f ig u re
1 .5 ,4 .
1,5,2 SOg_ DIAL S ensitiv itjy
Measurement s e n s i t i v i t y  i n  DIAL depends on many f a c t o r s  in c lu d in g  th e  
accu racy  of c r o s s - s e c t i o n  d a ta ,  tu n in g  a c c u r a c y , l a s e r  o u tp u t  energy  
v a r i a t i o n s  e tc ,.
D if f e re n t ia t io n  o f  equation (1,3.6) g ives  the  concen tra tion  uncer ta in ty  AN 
as  a fu n c tio n  of s ig n a l  r a t i o  u n c e r ta in ty  A(nVn") i n  the expression
A n/ A ( nVn«) = -1/2r(<5 '^  -  c^g)(nVn") (1,5,1)
w h i oh shows how th e  i n t e g r a t e d  ra n g e ,  r ,  i s  l i k e l y  to  a f f e c t  the
c o n c e n t r a t i o n  e r r o r .  In  range  r e s o lv e d  DIAL m easurem ents , a n a ly s e d  i n  
s e c t i o n s  9.4 and 9.7, th e  ran g e  e lem en t  A r  a p p e a rs  i n  the  den o m in a to r  of 
the  concen tra tion  e r ro r  expression of the  form of (1,5,1 )« The s e n s i t i v i t y  
of a range reso lved  DIAL system to  SOg concen tra tion  i s  best described by 
the  low est usefu l value product of the  SOg concen tra tion  and range element, 
e x p re s s e d  in  u n i t s  o f  ppm.m, DIAL system  (G ran t and Hake, 1975? A dra in  e t  
a l ,  1979; Hawley, 1981) s e n s i t i v i t é s  a re  l i s t e d  in  ta b le  1,5,1, In  any DIAL 
system  a s t r o n g  s ig n a l  from a s h o r t  range  t a r g e t  g iv e s  a g r e a t e r  
s e n s i t i v i t y  by v i r t u e  of th e  g r e a t e r  S/M r a t i o .  Thus, th e  maximum range 
from  w hich  m easurem ents  can be made i s  dependent on th e  r e q u i r e m e n t  o f  
lower d e tec t io n  l im i t .
The d e tec t io n  l i m i t s  of the  SOg DIAL systems are  of the  order of magnitude 
which would allow d e tec t io n  of ambient atmospheric SOg concen tra tions , a t  
abou t 0,01 ppm in  th e  r u r a l  en v ironm en t and 0,01 to  0*3 ppm in  th e  u rban  
environment (C o llis  and R usse ll ,  1976).
The re fe ren ces  to  previous SOg DIAL systems show the  f a c to r s  (absorption 
c ro s s -se c t io n ,  range r e tu rn  element and number of pu lses  averaged) which 
in fluence  s e n s i t iv i ty  to SOg concen tra tion . The v a r ia t io n  in  some of these 
f a c t o r s  i s  c o n s id e re d  and e v a lu a te d  i n  the  t h e o r e t i c a l  t r e a tm e n t  o f  the  
XeCl exc im er l a s e r  DIAL sy s tem , g iv en  i n  c h a p te r  9, The d e t e c t i o n  
s e n s i t i v i t i e s  g iv en  i n  the  exam ples  i n  t a b l e  1,5,1 a r e  l i s t e d  i n  t a b l e
11,2,1 in  com parison  w i th  th e  t h e o r e t i c a l  s e n s i t i v i t y  of th e  XeCl l a s e r  
DIALj system.
1.5.3 Latest SOg DIAL Systems
Recent SOg DIAL s y s te m s  a r e  l i s t e d  i n  t a b l e  1,5.2, where a l l  th e  e n t r i e s  
a r e  r e f e r r e d  to  i n  th e  p ro c e e d in g s  o f  th e  12th I n t e r n a t i o n a l  L ase r  Radar 
Conference, 1984, Further development i s  being undertaken on SOg DIAL by, 
m a in ly ,  European u s e r s .  Most o f  th e  sy s tem s  a r e  m o b ile  and some a re  
r e p o r te d  to  be s e n s i t i v e  to  0 ,015ppm a t  a few k i l o m e t r e s  ran g e . The 
s e n s i t i v i t i e s  and rep o rted  performance of these systems are comparable w ith  
the  examples given in  ta b le  1,5.1. Thus, no s ig n i f ic a n t  improvements appear 
to  have been made to  SOg DIAL systems over the  l a s t  four or f iv e  years.
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Figure 1 ,5 .3  SOg DIAL system block diagrams from
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Table 1,5.2 Latest SOg DIAL Systems (1984)
Users Laser S e n s i t iv i ty  System
C Cahen
E le o t r i c i t e  de France
Tunable dye l a s e r Mobile
R Capatini e t  a l  
France
Quantel (500mJ) 
pumping Quantel Rh,8 
dye l a s e r




H G Edner e t  a l  
Sweden
Nd-YAG
pumping dye l a s e r
Mobile
R M Hoff 
Canada
Ruby la se r  
(used with COSPEC) Mobile
A Marzorati 
I t a ly
Nd-YAG (2nd harmonic) 






B W J o l i f f e  e t  a l  
B r i ta in
2X Nd-YAG dye la s e r s  
Near simultaneous 
emission of DIAL pulses 
10-20mJ, 10Hz
Mobile
W Staehr e t  a l  
W. Germany
2X flashlamp-pumped 
Candela SSL 500 dye 








1 o6 Exoimer Laser DIAL for SOg Monitoring
The f i n a l  t a r g e t  f o r  t h i s  work was to  p ro v id e  th e  South  of S c o t la n d  
E l e c t r i c i t y  Board w i th  a m o b ile  system  f o r  rem ote  d e t e c t i o n  o f  SOg 
c o n ta in e d  w i t h i n  f o s s i l  f u e l l e d  power s t a t i o n  smoke plum es, u s in g  a 
D i f f e r e n t i a l  A b so rp t io n  L ase r  L id a r  technique based on th a t  described in  
s e c t i o n s  1 .3 .6 (c ) ,  1.4 and 1.5. SOg DIAL sy s tem s c o n s t r u c te d  by p re v io u s  
workers (see sec t io n  1.5, ta b le  1.5.1) have been succesfu l in  measuring SOg 
le v e ls  down to  urban t ra c e  q u a n t i t i e s  (0.02 ppm, Adrain e t  a l ,  1979), These 
systems, developed by CEGB (Adrain e t  a l ,  1979) and by EPRI (Hawley, 1979» 
1981) have "clean a i r "  s e n s i t i v i t y  but are bulky. In  each, the l a s e r  source 
has been one or two tu n a b le  dye l a s e r s ,  in v o lv in g  pumping o f  a dye then  
tuning followed by frequency doubling by non-linear c ry s ta l  to  give the two 
desired  UV wavelengths. The system described here  i s  based on a transverse  
e l e c t r i c  d is c h a rg e  XeCl* e x c im e r  l a s e r  g iv in g  d i r e c t ,  s i n g l e  s t a g e  h igh  
power pulse genera tion  of two UV wavelengths. The XeCl* la s in g  spectrum and 
th e  c o r re sp o n d in g  r e g io n  of th e  SOg a b s o r p t io n  spec trum  a re  shown in  
f i g u r e s  1 .6 .1(a) and (b).
In  theory, the s e n s i t i v i t y  of t h i s  XeCl* la s e r  system i s  down by a f a c to r  
o f  10 (o f . Table  1,5.1) on a tu n a b le  dye l a s e r  sy s tem , the  p r i c e  ex p ec ted  




R elation  between (a) the XeCl la s in g  spectrum (chap ter  4) 
and (b) the  SOp absorp tion  spectrum around 308 nra, a f t e r  B rassington (1981),
Figure 1,6,1
1*7 State~of"the-art Exoimer Laser Lidar
This sec t io n  summarises the p resen t (1984) a p p l ic a t io n  of excimer l a s e r s  to  
l i d a r  s y s te m s  f o r  a tm o s p h e r ic  m easurem en ts .  A ll r e f e r e n c e s  app ly  to  th e  
proceedings of the  12th In te rn a t io n a l  Laser Radar Conference, 1984, Table
1,7.1 l i s t s  th e  a p p l i c a t i o n s .  T h e ir  m ain  use i s  i n  ozone m easurem en ts  by 
the DIAL technique, where the  re fe ren ce  wavelength i s  u sua lly  supplied  by 
a n o th e r  type  o f l a s e r .  However, Werner a t  a l  have r e p o r t e d  th e  use o f  a 
XeCl l a s e r  a s  th e  s i n g l e  so u rc e  f o r  ozone m easu rem en ts ,  u s in g  Raman 
s h i f t i n g  i n  CH^ j and Hg c e l l s  to  p ro v id e  th e  DIAL r e f e r e n c e  w av e len g th ,  
McDermid e t  a l  have designed a fluorescence  l i d a r  system fo r  tropospheric  
h y d ro x y l m easu rem en ts ,  based  upon a XeCl l a s e r  which i s  tuned  by th r e e  
a ir-sp aced  é ta lo n s  contained i n  a p ressu re  vesse l ,  A s in g le  exoimer l a s e r  
so u rce  i s  more w id e ly  used  i n  Raman or f lu o r e s c e n c e  l i d a r  sy s te m s .  No 
r e p o r t  has been made of a XeCl* l a s e r  a s  the  s in g l e  so u rc e  i n  DIAL SOg 
concen tra tion  measurements.
Table 1,7.1 Application of Excimer Lasers to Lidar
Users Laser Application and Features
I  I  Ip po li tov  
e t  a l
KrF
248.5nra 
30mJ, ^ 5  Hz
Raman s c a t te re d  d e tec t io n  of 
CgHg, CgHh, CHoOH 
(268 -  270 nm)^
Possib le  in te r fe re n c e  from 
broad-band fluorescence
I  S McDermid e t  a l XeCl o s c i l l a t o r -  
a m p lif ie r ,  tuned over 
3 0 7 ,6  “ 3 0 8 ,4  nra by three  
a ir-spaced  é ta lo n s  i n  a 




J Pelon and 
G Megie
XeClTreated as  s in g le  l in e  
Reference wavelength from 
3rd harmonic of Nd-YAG a t  
355nm
Tropospheric and 
s t r a to sp h e r ic  ozone 
measurements above 25km
L Pokora and 
S K a l i s t i
XeCl
Home-built w ith  Blumlein 
c i r c u i t
Laser design stage only 
P ossib le  Og DIAL a p p l ic a t io n
J Werner e t  a l XeCl (Lambda Physik  EMC S tra to sp h e r ic  ozone layer
102E, 150mJ, «100Hz) 
Treated as  s in g le  l in e  Reference wavelength from 
Raman s h i f t in g  in  CHj^  and 
Hg c e l l s
Simultaneous emission of 
DIAL pulses
V E Zuev e t  a l XeCl
Reference wavelength from 
Ng a t  337nm or from XeBr 
a t  281,8nra
S tra to sp h e r ic  ozone DIAL 
(10 -  40 km)
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T h i s  c h a p t e r  i s  a d e s c r i p t i o n  o f  t h e  t h e o r e t i c a l  and p r a c t i c a l  
in v e s t ig a t io n  which was requ ired  in  evolving a te lescope  fo r  the  excimer 
l a s e r  DIAL s y s t e m .  The i n s t r u m e n t  was c o n s t r u c t e d  a f t e r  c a r e f u l  
c o n s i d e r a t i o n  o f  l i g h t  g a th e r in g  c a p a b i l i t y  ( s e c t i o n  2 ,1 ) ,  f i e l d  o f  view 
( s e c t i o n  2 .3), image s i z e  ( s e c t i o n  2.4) and c o m p a t i b i l i t y  w i th  th e  l a s e r  
and d e tec to r  in  the  l i d a r  t ra n sce iv e r .  Results o f  the  a n a ly s is  of f i e l d  o f 
view and image s iz e  w ith  re sp e c t  to  the m irro r  sep a ra t io n  and d e te c to r  s iz e  
and p o s i t i o n  p ro v id e d  th e  b a s i s  f o r  ch o ice  o f  t e l e s c o p e  ty p e .
2.1 Size of the  Telescope—^ Collecting - M irror
In  o rd e r  to  ex ten d  l i d a r  ra n g e ,  th e  c o l l e c t i n g  m i r r o r  a re a  sh o u ld  be a s  
la rg e  as possib le .  However, in  view of the d isp ro p o r t io n a te  r i s e  in  c o s t  as 
the m irro r s iz e  in c rease s ,  an in v e s t ig a t io n  based on atmospheric s c a t t e r  
was made to  d e f in e  th e  r e l a t i o n  betw een maximum ran g e  and m i r r o r  a r e a ,  
given an a r b i t r a r y  measurement th reshold .
The l i d a r  equation (described in  chapter 8) i s  app lied  under the  cond itions  
of two model atmospheres w ith  re sp ec tiv e  v i s i b i l i t i e s  of 5 km.(hazy) and 
23 km,(clear). Maximum range i s  defined by the range from which the  minimum 
d e t e c t a b l e  s i g n a l  i s  o b ta in e d ,  g iv e n  a c e r t a i n  l a s e r  p u ls e  energy . The 
e x p r e s s io n  f o r  i n s t a n t a n e o u s  r e c e iv e d  power from range  r  i s  g iv e n  by
Northend et  a l  (1966) to be
_ p^(ci:r/2)|S’( A /4 n ^ r ^ ) , t . j . t p , e x p ( - 2 j^ W r ) .e x p ( “ 2 ^ ^ 'N d r ), (2 ,1 ,1 )
where (m” '*) i s  the atm ospheric  l in e a r  s c a t t e r  c o e f f ic ie n t ,  ^ ’( in"“*) i s  the 
b ack sca tte r  c o e f f ic ie n t  and (m^) i s  the  absorp tion  c ro s s -s e c t io n  of a gas 
w ith number density  N (ra"3). B acksca tte ring  i s  described (Hamilton, 1969) 
by the expression
= I.So^p + 0,50^1 m”  ^ , (2.1.2)
where o<fp i s  the  Rayleigh s c a t t e r  c o e f f ic ie n t ,  given (Kruse e t  a l .  Elements 
of In f ra - re d  Technology) by
0 ^  = 1.1 X 1 0 -6  Q-1 ( 2 . 1 . 3 )
and o(J,j i s  the Mie s c a t t e r  c o e f f ic ie n t ,  given by
= ( 3 . 9 1  X 1 0 - 3 / V ) ( 0 . 5 5 / \ ) 0 ' 5 8 5 V  g - 1 ,  ( 2 . 1 . 4 )
f o r  X i n y-m . and v i s i b i l i t y ,  V i n  km. The gas a b s o r p t io n  term  i n  equation 
(2.1,1) i s  d e l i b e r a t e l y  n e g le c te d  and th e  e x p o n e n t i a l  s c a t t e r  a b s o r p t io n  
term i s  approximated, assuming a uniform atmosphere, to  exp[-2&/Q 4-^p j)r] ,
R eceived  power i s  m easured  a t  a p h o t o m u l t i p l i e r  o u tp u t  a s  th e  v o l ta g e  
developed across  a load r e s i s t o r ,  R^, by the am plified  s igna l cu rren t.  Thus 
the  minimum d e tec tab le  o p t ic a l  power i s  given by the minimum d e tec tab le ,  or 
useable, vo ltage , i n  the express ion
min ” ^^^min'^ (2,1.5)
where i s  th e  p h o t o m u l t i p l i e r  ca th o d e  quantum e f f i c i e n c y  and G i s  th e
p h o to m u lt ip l ie r  gain.
L a se r  o u tp u t  power i s  e x p re s s e d  a s  th e  o u tp u t  energy , E^, and th e  l a s e r  
pulse fwhm, T , in  the  express ion
PgZ = V  (2.1'6)
which i s  combined w ith  equations (2,1,1) and (2,1.5) to  give
^^min^^n. ^®^L ” ( E ^ A t ^ t p / 87Tr^g^^^).exp[ - 2 ( ‘^ ^^max^" (2.1,7)
The values given in  ta b le  2,1,1 a re  in s e r te d  in to  equation (2,1,7) to  give
1 .9 1 3  X 1 0 - 1 2  .  (E ^ f i /p 2 ^ ^ ^ )_ g j ;p ( -0 .0 D 3 0 4 r „ a j j )  (2 .1 .8 )
fo r  a hazy atmosphere and
4,105 X 10-12  ^ (E ^A /r2^^^).exp(-0 ,001l4r^^^) (2,1,9)
fo r  a c le a r  atmosphere. Laser energy was expected to be i n  the  range ImJ to 
50mJ. F ig u re  2,1,1 shows m i r r o r  d ia m e te r  vs , maximum range  f o r  p u lse  
e n e r g ie s  o f  IraJ and 50mJ, o v e r  a range  o f  m i r r o r  d ia m e te r  up to  50 cm,, 
although such a la rg e  s iz e  would be f a r  too expensive fo r  t h i s  job.
The d e t e c t i o n  l i m i t  i s  s e t  f o r  s i n g l e  p u ls e  o p e r a t i o n  w i th o u t  any 
expressions to  show the e f f e c t  of averaging fo r  low le v e l  d e tec tion . With
these  conditions  the  maximum range may seem ra th e r  low, e sp e c ia l ly  s ince  
such  a l a r g e  lo a d  r e s i s t a n c e  i s  used . I t  must be borne i n  mind, how ever, 
th a t  the enhanced back sca tte r  from a smoke plume ta r g e t  would improve the  
s ig n a l  le v e l  a t  g r e a te r  range. Even so, the  range vs. m irro r  s iz e  r e l a t i o n  
does serve to  show the f l a t t e n in g  o f f  where maximum range i s  not increased  
much fo r  the s u b s ta n t ia l  e x tra  co s t  of a m irro r  l a rg e r  than about 30 cm in  
diam eter. This a n a ly s is  in d ic a ted  the  s u i t a b i l i t y  of a 10 o r  12 inch m irro r  
and, consequently, a 10 inch  Newtonian and 10 inch Cassegrain type (D all- 
Kirkhara i s  possib ly  a more accura te  de sc r ip t io n )  s e t  were purchased.
Maximum
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Figure 2,1*1 Relation  between the maximum l id a r  range and the m ir ro r  area at two la s e r  energ ies  and under two conditions  of v i s i b i l i t y .
Table 2,1,1 Specification fœ  tiie p l ic a t io n  of a Simple Lidar Equation to 
Define the Relation betifeen Maximum Lidar Range, and
Telescope Mirrcr Area, A,
Quantity Qymbol Value
Cathode quantua efficiency a 0.01
Fhotanultipli^ ^ n G 10^
0/P load resistance 100 kJi
Mlnirnim usefUL voltage \ i n KM
Trananission efficiency t^ 1
Reception efficiency h 0,2
Raylei#i scatter coefficient ^R 1.22X10'*^ @ 308 nn, V=5l<m
Mie scatter coefficient (hazy) 1.1K10”3 i f l § 308 nn, V=5km
Mie scatter cx>efflcient (cüear) ^M 4.5X10-4 m-'* § 308 nn, V=231an
Baclcscatter coefficient (hazy) ^  » 8.8X10-4 m”* @ 308 m, V=Sm
Bacicscatter coefficient (clear) A ' 4,1X10-4 § 308 m, V=23km
2,2 A Paraxial Analysis of the Cassegrain Telescope
The s p e c i f i c a t i o n  s u p p l i e d  w i th  th e  C a s se g ra in  m i r r o r  s e t  was no t to  be 
t ru s te d ,  according to  the  su p p lie r .  I t  was necessary th e re fo re ,  to define 
th e  f o c a l  l e n g th s  by e x p e r im e n t .  T h is  a n a l y s i s  t a k e s  th e  w e l l  known l e n s  
e q u a t io n  and a p p l i e s  i t  to  th e  p r im ary  and seco n d a ry  m i r r o r s  o f  th e  
C a s s e g ra in  s e t .  In  s u b - s e c t i o n  2,2,1 th e  e q u a t io n s  a r e  a p p l i e d  to  an 
o p t ic a l  bench experiment to  g ive primary and secondary focal len g th s  from 
measurements of o b je c t  and image plane d is tances . In  su b -sec t io n  2,2,2 an 
expression i s  derived to  r e l a t e  m irro r  sep a ra tio n  to  fo ca l  plane p o s it io n  
in  the complete in s trum en t,  a llow ing the m ir ro r - to -m ir ro r  d is tance  to be 
s e t  fo r  a convenient d e tec to r  lo ca t io n .
2.2.1 Measurement o f  Primarv and Secondary M irror Focal Lengths
In th e  Cassegrain te lescope  a hyperbolic  convex secondary m irror i s  used 
w i th  a s p h e r i c a l  p r im ary  so t h a t  t h e i r  o p t i c a l  axes  c o in c id e ,  A c e n t r a l  
ho le  i n  th e  p r im ary  a l lo w s  th e  f o c a l  p lane  to  f a l l  beh ind  i t .  The g rade  B 
m i r r o r  s e t  o b ta in e d  f o r  th e  l i d a r  c o n s i s t s  o f  a s p h e r i c a l  p r im ary  and a 
sp h e r ica l  convex secondary fo r cheapness (for Cassegrain, read "Cassegrain 
type").  The f o c a l  l e n g t h  v a lu e s  s u p p l ie d  by th e  m a n u fa c tu re r  were no t 
r e l i a b l e  as they app lied  to  a grade A se t  so i t  was decided to  measure them 
a s  a p r e c a u t io n .  F ig u re  2,2,1 shows the  o p t i c a l  l a y o u t  of th e  i n s t r u m e n t  
and th e  l o c a t i o n s  o f  th e  r e s p e c t i v e  o b je c t  and image p la n e s .  The p r im ary  
image and o b jec t  p lanes a re  r e a l ,  a s  i s  the secondary o b jec t  plane, but the  
secondary image plane i s  v i r t u a l .  This has consequence in  applying the  sign 
c o n v en t io n  to  th e  l e n s  e q u a t io n .  F ig u re  2,2,2 i s  drawn to  i l l u s t r a t e  th e  
n e ce ss i ty  of p lacing  the  primary focal plane w ith in  th a t  of the  secondary
i f  a r e a l  f i n a l  image i s  to  be form ed. This becomes a p p a r e n t  i n  s e c t i o n
2.2.2 a f t e r  a t h e o r e t i c a l  t r e a tm e n t .  The ra y  d iagram  o f  2,2,1 shows th e
param eters app lied  in  the  lens  equation fo r  the  two m irro rs .  The equation 
desc rib ing  the  p a rax ia l  dimensions of the primary m ir ro r  i s
1 / f  = 1/S q 1 /S i ,  (2.2.1)
where f  i s  the primary fo ca l  leng th  (p o s i t iv e ) ,  s^ i s  the  m irro r  to  o b jec t  
plane d is tan ce  (p o s i t iv e )  and s^ i s  the  m irro r  to  image plane d is tance . An 
o p t ic a l  bench experiment gave the Cassegrain primary fo ca l  leng th  as f  = 
128 & 0.5 cm.
The secondary m irro r  i s  t r e a te d  in  the  same way w ith  the  equation
1 / f  s  1 / S g /  l / s ^ S  ( 2 . 2 . 2 )
where f* i s  th e  seco n d ary  f o c a l  l e n g th  ( p o s i t i v e ) ,  s^» i s  th e  m i r r o r  to
v i r t u a l  ob jec t  d is tan ce  (p o s i t iv e )  and s^* i s  the  m ir ro r  to  image d is tan ce  
( n e g a t iv e ) .  The s ig n  c o n v e n t io n  i s  d e f in e d  by a p o s i t i v e  d i r e c t i o n  to  th e  
r ig h t  of the  o p t ic a l  element. Measurements using the  secondary m ir ro r  were 
made i n  c o n ju n c t io n  w i th  th e  p r im a ry ,  p e r m i t t i n g  th e  s u b s t i t u t i o n  f o r  
v i r t u a l  o b j e c t  d i s t a n c e  s^* so t h a t  i t  i s  d e f in e d  i n  te r ra s  o f  th e  
o b s e r v a b le s  s^ and d. The seco n d a ry  was p la c e d  a t  a d i s t a n c e  d from th e  
primary. A fter making the s u b s t i t u t io n  s^ ® a s^ -  d then equation (2,2.2) 
becomes
1 / f  s 1 / ( s i  -  d) + 1/s^», (2.2.3)
The q u a n t i t i e s  d and s^® were measured d i r e c t ly  to  give the secondary 
f o c a l  l e n g th  a s  f® = 29,5 ± 0,9 cm.
2.2.2
E q u a tio n s  (2 .2 .1) and (2 .2 .2) a r e  used  to  d e r iv e  a r e l a t i o n  be tw een  th e  
f i n a l  f o c a l  p lan e  p o s i t i o n  w i th  r e s p e c t  to  th e  p r im a ry ,  and th e  m i r r o r  
s e p a r a t i o n ,  f o r  an o b j e c t  a t  i n f i n i t y .  F ig u re  2,2.3 shows th e  p a ra m e te r s  
in v o lv e d  and e x p la i n s  any s u b s t i t u t i o n s  made. Taking equation (2.2,1) fo r  
an o b jec t a t  i n f i n i t y  then tîm image d is tance  i s  the  primary fo c a l  leng th  
( f  2 8^), In  e q u a t io n  (2 .2 .2 ) ,  s®q and s®^  can be re p la c e d  by (s^  -  d) 
and “ (b + d) re sp e c t iv e ly ,  g iv ing  the  expression
1/f® 2 1 / ( s i  -  d) -  1 /(b  4. d). (2.2.4)
Thus th e  m i r r o r  to  f o c a l  p lan e  d i s t a n c e ,  b, i n  te r ra s  o f  th e  m i r r o r  
separa tion , d, i s  given by
b 2 (2df® h d^ -  fd  -  f f » ) / ( f  -  d -  f®). (2.2.5)
The qu ad ra t ic  in  d can be solved to  give
d = ( f  -  b -  2f®)/2 4- (1 /2)[(2f®  + b -  f )2  -  4(f»b -  ff« -  f b ) ] ^ /^ .  (2.2,6)
For convergence to  a r e a l  fo ca l  po in t the  in e q u a l i t i e s  (2.2.7) apply to  b, 
demanding th a t  the m irro r  s ep a ra t io n ,  d, i s  r e s t r a in e d  w ith in  the  l i m i t s  of 
(2 .2 .8), Thus th e  i n e q u a l i t y
f  -  f® < d < f  (2.2,7)
leads  to
+ oo > b > -d. (2.2,8)
In eq u a li ty  (2.2.8) g ives the  abso lu te  maximum l i m i t  on d fo r  a f i n i t e  foca l 
length . However, a convenient foca l plane p o s i t io n  req u ire s  much narrower 
bounds on th e  m i r r o r  s e p a r a t i o n .  The low er l i m i t  f  -  f® < d e n s u r e s  t h a t  
th e  p r im ary  f o c a l  p lan e  f a l l s  w i t h i n  t h a t  o f  th e  seco n d a ry ,  though th e  
l a t t e r  i s  v i r t u a l .  In  th e  e q u a l i t y  f  = d * f® th e  system  i s  a f o c a l  a s  a 
r e s u l t  o f  th e  seco n d ary  image p la n e  be ing  a t  th e  p o s i t i o n  o f  th e  p r im ary  
fo ca l  plane, I l l u s t r a t e d  i n  f ig u re  2.2.4.
A p p l ic a t io n  o f  th e  f o c a l  l e n g th  v a lu e s  (from  s u b - s e c t i o n  2.2.1) to  
in e q u a l i ty  (2.2.8) g ives  the  abso lu te  l im i t s  on d of
98.5 < d < 128 cm, (2.2.9)
The more r e a l i s t i c  range of d va lues  i s  p lo t te d  fo r  fo ca l  plane p o s i t io n  in  
f i g u r e  2.2 .5, u s in g  e q u a t io n  (2 ,2 ,6) . F ig u re  2,2.5 shows th e  p r e c i s i o n  
n e c e s sa ry  i n  s e t t i n g  th e  m i r r o r  s e p a r a t i o n  i f  th e  l o c a t i o n  o f  th e  f o c a l  
plane i s  to  be reasonably w ell  defined. When the Cassegrain te lescope  was 
c o n s t r u c te d  th e  m i r r o r  s e p a r a t i o n  was s e t  a t  104 cm. w i th  an a c c u ra c y  of 
0.5 cm. T h is  was ad eq u a te  f o r  knowing where to  p la c e  th e  d e t e c t o r  a s  th e  
co n v erg in g  cone o f  th e  t e l e s c o p e  was narrow a t  an o v e r a l l  f o c a l  r a t i o  o f  
f :2 0 .
Seco n d aryP r im a ry
Figure 2*2.1 Lens equation  parameters in  the  ’Cassegrain* te lescope
p r im ary  f.p.
S e c o n d a r y  f.p,
Figure 2 .2 .2  R elative  p o s i t io n  of the primary and secondary foca l planes
Figure 2 .2 .3  M irror s ep a ra t io n  and fo ca l  plane p o s i t io n  in  the  'Cassegrain* 
te lescope
Figure 2 ,2 ,4  I n f in i t e  fo c a l  plane in  the  «Cassegrain® te lescope
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Figure 2 ,2 ,5  Focal plane p o s i t io n  v s , m irror s ep a ra t io n  in  the  «Cassegrain® 
te lescope
2.3 y^xegç.Q.pç— giiQMs s a t J i s a
T h is  s e c t i o n  com pares th e  maximum f i e l d s  o f  view o f  th e  N ewtonian, 
Cassegrain and combination Newtonian focus/Cassegra in  primary te le sco p es  in  
o rd e r  to  p ro v id e  th e  l i d a r  r e c e i v i n g  in s t r u m e n t  w i th  a f i e l d  o f  view 
g re a te r  than  the  l a s e r  f i e l d  of transm iss ion  so th a t  r a d ia t io n  i s  c o l le c te d  
e f f i c i e n t l y  from the  e n t i r e  i l lu m in a te d  ta rg e t .  As a guide to  requirem ent, 
the  f u l l  p lanar angle of divergence of the  l a s e r  was expected to  be i n  the  
range 8 mrads to  15 mrads, the  value being confirmed in  l a s e r  measurements 
( c h a p te r  4).
The ray  a n a l y s i s  i s  c a r r i e d  o u t  w i th  r e s p e c t  to  th e  components o f  th e  
Newtonian and Cassegrain m irro r  s e t s ,  co n s is t in g  of two sp h e r ica l  primary 
m ir ro rs ,  a 45® e l l i p t i c a l  f l a t  secondary and a sp h e r ica l  concave secondary. 
The d e tec to r  i s  assumed to  be centred  on the o p t ic a l  ax is .  An express ion  i s  
s e t  up to  describe  the  f i e l d  as  a func tion  of m ir ro r  separa tion , applying 
to  any c o m b in a t io n  o f  m i r r o r s  a f t e r  s u b s t i t u t i o n  o f  th e  a p p r o p r i a t e  
dimensions.
There are th ree  ways i n  which the  e f f e c t iv e  f i e l d  may be r e s t r i c t e d ! -
( i )  The te lescope  tube i t s e l f  can v ig n e t te  the f i e l d  of view of the  o p t ic s .  
However, a tube which con ta ins  the  primary m irro r  i s  u sua lly  d ia m e tr ic a l ly  
la rg e  enough. The converted PVC dra inp ipe  used in  the  l i d a r  in s trum en ts  was 
la rge  enough to  con ta in  a f i e l d  w ith  a f u l l  angle of about 50 mrads, about 
four tim es g re a te r  than necessary. Figure 2.3*1 in troduces  the f u l l  f i e ld ,  
0, w ith  t h i s  l i m i t  described by a h a l f  angle of view oc^ o
( i i )  A more c r i t i c a l  p roblem  i s  to  s e t  a g r e a t  enough p r im a ry /s e c o n d a ry
m ir r o r  s e p a r a t i o n  so t h a t  a l l  th e  boundary ra y s  a t  th e  f i e l d  e x t r e m i ty  
reach the fo ca l plane, bearing in  mind th a t  the  sep a ra t io n  should not be so 
g r e a t  a s  to  p la c e  th e  f o c a l  p lan e  i n a c c e s s i b l y  w i t h i n  th e  te le sc o p e »  In  
t h i s  s e c t i o n  th e  e q u a t io n  d e s c r ib in g  f i e l d  o f  v iew , l i m i t e d  i n  t h i s  way, 
c o n n ec ts  h a l f  a n g le  o f  view to  m i r r o r - t o - m l r r o r  d i s t a n c e  w i th  th e  
s e p a r a t i o n  i n  te rm s  o f  th e  p r im ary  and secondary  d ia m e te r s  and p r im a ry  
f o c a l  leng th»  The r e s u l t s  s e r v e  to  compare th e  f i e l d s  o b ta in e d  w i th  th e  
Newtonian s e t ,  the Cassegrain s e t  and the Newtonian/Cassegrain combination 
w i th  r e g a rd  to  any o th e r  d im e n s io n a l  bounds im posed by f o c a l  p lan e  
l o c a t i o n .  The C a s s e g r a in  r e s u l t  i s  a check t h a t  th e  c r i t i c a l  m i r r o r  
s e p a r a t i o n ,  s e t  by th e  p a r a x i a l  a n a l y s i s  i n  s u b - s e c t i o n  2 ,2 ,2 , a l lo w s  
adequate f i e l d ,
( i i i )  The e f f e c t iv e  f u l l  f i e l d  may be l o s t  i f  the  d e tec to r  i s  sm a l le r  than 
the  image formed a t  the  fo ca l  plane. Section  2,4 compares the  th e o re t ic a l  
image s i z e s  i n  th e  C a s s e g r a in  and C as seg ra in /N e w to n ia n  sy s te m s  so t h a t ,  
f u r t h e r  to  th e  d i s c u s s i o n  o f  f i e l d  i n  t h i s  s e c t i o n ,  th e  f i n a l  c h o ic e  o f  
l i d a r  te lescope  was made,
2,3.1 Dej-lV-aM-On o f  the  General__Fleld___EQuatlon
Figure 2,3,2 i l l u s t r a t e s ,  i n  a ray diagram, the  f i e l d  s e t  by the  secondary 
m ir ro r  s iz e  and the  m irro r  s ep a ra t io n  d. The diagram ap p lie s  g en era l ly  to 
a l l  the te lescope  co n f ig u ra t io n s  under d iscussion . The Cassegrain secondary 
m irro r  d iam eter, Dg, corresponds to  the minor ax is  leng th  of the  Newtonian 
e l l i p t i c a l  f l a t  a t  45®, S in ce  th e  edge o f th e  45® f l a t  n e a r e s t  to  th e  
p r im a ry  r e s t r i c t s  th e  f i e l d  s i z e  (see  f i g u r e  2,3,2) th e  d i s t a n c e  betw een 
t h i s  edge and th e  p r im ary  i s  c o n s id e re d  f o r  th e  Newtonian and th e  
New t o n ia n /C a s s e g r a in  and i s  c a l l e d ,  d®, e q u iv a l e n t  to  d f o r  th e  
Cassegrain, The ac tu a l  c e n t r e - to -c e n t r e  sep a ra t io n  in  a te lescope  w ith  the
45® f l a t  i s  g iv e n  by d® Dg/2«
The f i e l d  i s  defined by the maximum h a l f  angle of view, made between a 
d i r e c t io n  p a r a l l e l  to  the  o p t ic a l  ax is  and the edge ray j u s t  accommodated 
by the  o p t ic s ,  where no l i g h t  lo s s  i s  incu rred  in  tak ing  p a r a l l e l  rays  from 
the  extreme edges of the  f i e ld .  In  f ig u re  2.3.2 the  edge rays a re  in c id e n t  
upon th e  p r im a ry  m i r r o r  a t  an a n g le  o f  0  w i th  th e  r a d iu s  o f  c u r v a tu r e .  
Through corresponding and a l t e r n a t e  angles the l in k  w ith  fo ca l  leng th , f ,  
and p r im ary  d ia m e te r .  Dp, i s  g iv e n  by e q u a t io n  (2 .3 .2 ) . Another r e l a t i o n ,  
equation  (2.3,1), in troduces  the  sep a ra t io n ,  d, and the secondary d iam eter , 
Dgo
+ 28 = tan” (Dp -  Dg)/2d ® (2.3.1)
+ 8 s tan” '^(Dp/4f) °  (2.3.2)
The angle 0 i s  rep laced  in  the  simultaneous equations (2.3,1) and (2,3.2) 
to  give
= 2 t a n “ '*(Dp/4f) -  t a n ” ‘’(Dp -  Dg)/2d ®. (2.3.3)
E q u a tio n  (2.3.3) i s  a p p l i e d  i n  s u b - s e c t i o n s  2 ,3 ,1 (a ) ,  (b) and (c) to  each  
c o m b in a t io n  o f  th e  m i r r o r  s e t s  r e s u l t i n g  i n  f i g u r e  2.3.3 which i n d i c a t e s  
the f i e l d  of view of each type.
2.3.1  ( a 2 .3 .3 )
The p a ra m e te r s  f o r  th e  N ew tonian  s e t  a re  g iv e n  i n  t a b l e  2.3.1. These a re  
a p p l i e d  to  th e  f i e l d  o f  view e q u a t io n  (2.3.3) to  p l o t  f i e l d  o f  view f o r  
m irro r  s ep a ra t io n  in  f ig u re  2.3.3. Although a la rg e  sep a ra t io n  i s  d e s ira b le  
f o r  l a r g e r  f i e l d  th e  d i s t a n c e  i s  r e s t r a i n e d  to  a maximum to  a l lo w
c o n v e n ie n t  s i t i n g  o f  th e  f o c a l  p lan e  p o s i t i o n ,  p r e f e r a b ly  o u t s id e  and a 
l i t t l e  away from the te lescope  tube. The c e n tr e - to -c e n tr e  m irro r  sep a ra t io n  
i s  g iv e n  by d+Dg/2 ( f i g u r e  2.3*2) so t h a t  th e  maximum s e p a r a t i o n  i s  g iv e n  
by
dmax - ^ " Dg/2 -  p, (2.3.4)
where p i s  th e  f o c a l  p lan e  to  s eco n d ary  d i s t a n c e  a lo n g  th e  o p t i c a l  a x i s .  
The tube  employed h e re  has an  o u t s id e  d ia m e te r  o f  32.5 cm,, g iv in g  p = 
16.25 cm. and a pe rm itted  maximum of d^g^. = 110.4 cm. By t h i s  r e s t r i c t i o n ,  
the  maximum useable  h a l f  angle of view i s  9 rarad, a f u l l  f i e l d  o f  18 mrad, 
w hich  i s  a d eq u a te  f o r  th e  th e  l i d a r  w here th e  maximum ex p ec te d  l a s e r  
d iv e rg e n c e  i s  15 mrad. However, th e  p h o t o m u l t i p l i e r  ca th o d e  canno t 
c o n v e n ie n t ly  be p la c e d  so c lo s e  to  th e  t e l e s c o p e  tu b e  so i t  i s  u s e f u l  to  
c o n s id e r  f o c a l  p lane  p o s i t i o n s  f u r t h e r  o u t from th e  s id e  o f  th e  tu b e .  
D is ta n c e s  o f  t h e . f o c a l  p la n e  from th e  tu b e  O.D a r e  i n d i c a t e d  i n  f i g u r e  
2.3.3, determ ining th a t  the d e te c to r  should be w ith in  2 cm. of the tube i f  
a l a s e r  divergence of say 15 mrad i s  to  be covered. This i s  su b jec t  to  the 
r e s u l t s  of the  d iscuss ion  on image s iz e  a t  the foca l plane given in  s ec t io n  
2 .4 .
2 .1 .1 (b )F ie ld  o f  View of th e Casseg:r_aln_aeJ:.,!-AppllcatlQn-Of_E<iuatiQn( 2 .3 .3 )  
I t  has been shown, i n  s e c t io n  2.2.2, th a t  the  m irro r sep a ra t io n  must be s e t  
a t  104 cm., w ith  an a cc u racy  o f  ^0.5 cm., f o r  a r e a so n a b ly  p la c e d  f o c a l  
p la n e .  Thus, i n  a p p ly in g  e q u a t io n  (2.3*3) th e  m i r r o r  s e p a r a t i o n ,  d, i s  
p l o t t e d  around  t h i s  v a lu e  to  g iv e  th e  C a s s e g ra in  f i e l d  i n  th e  r e l a t i o n  
shown in  f i g u r e  2.3*3. C a s s e g r a in  s e t  p a ra m e te r s  a re  g iv e n  i n  t a b l e  2.3*2. 
The f u l l  f i e l d  o f  th e  C a s s e g ra in ,  a c c o rd in g  to  f i g u r e  2.3*3» i s  27 to  28 
mrads, g r e a te r  than the Newtonian f i e l d  and nearly  tw ice the  f u l l  angle of
o
divergence of the laser.
2 .3 .1 (c) F ie ld  _of_the__Cassegrain_Primarv/Newtonlan_aeQ_ond^agy_Jlojii,blna_tlQn 
The Cassegrain type primary was re ta in e d  but the  Newtonian f l a t  secondary 
was s u b s t i tu te d .  The secondary p o s i t io n  was determined by a f i e l d  a n a ly s is  
s i m i l a r  to  t h a t  i n  2 .3 .1 (a ) ,  g iv e n  i n  2 .3 .1 (c). The p a ra m e te r s  f o r  th e  
Cassegrain primary and Newtonian f l a t  combination a re  given i n  ta b le  2.3.3. 
Equation (2,3.4) i s  app lied  to  r e s t r i c t  sep a ra t io n  to  a maximum o f 109 cm,, 
a l lo w in g  a f u l l  f i e l d  o f  18 m rads. E q ua tion  (2.3.3) i s  a p p l ie d  f o r  t h i s  
p a r t i c u la r  m irro r  combination to give the  f i e ld /m i r r o r  sep a ra t io n  r e l a t i o n  
in  f ig u re  2,3.3. Since the fo ca l  leng ths  of the  Newtonian s e t  primary and 
Cassegrain s e t  primary are  s im i la r ,  t h e i r  f i e ld s  of view are  p r a c t ic a l ly  
id e n t ic a l .  However, the Cassegrain type primary, w ith  i t s  c e n t r a l  hole, has 
g r e a t  ad v an tag e  a s  a means o f  s i g h t i n g  th e  t e l e s c o p e ,  a p r i n c i p a l  
requirem ent, as described  in  chapter 7 on tra n s c e iv e r  in te g ra t io n .
2.3.2 p,Q.nQ.i ugl Qns_ç.u^Tei .§.s.gj?p,e^.iPlil ^^
With re fe rence  to  f ig u re  2.3*3» the  Cassegrain te lescope  s e t  would be the  
c h o ic e  f o r  a l a r g e  f i e l d  o f  view  i f  th e  image s i z e  were s m a l l  enough. 
Otherwise the  Newtonian or New ton ian /C assegra in  combination would do. The 
l a t t e r  was p re fe rred  fo r  the  reason s ta te d  above. This combination gives 
adequate f i e l d  i f  the  m irro r  s ep a ra t io n  i s  g re a t  enough. However, to  ensure 
an a c c e s s i b l e  f o c a l  p lan e  p o s i t i o n  th e  s e p a r a t i o n  i s  r e s t r i c t e d  to  a 
maximum o f  109 cm* A lo w er  l i m i t  depends upon th e  l a s e r  d iv e rg e n c e  but 
te lescope  f i e l d  should be maximised anyway. The e f f e c t  o f  m ir ro r  sep a ra t io n  
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Figure 2*3o2 Ray diagram fo r  defin ing  the general te lescope  f i e l d  equation 
in  r e l a t in g  f i e l d  to  m ir ro r  separa tion
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Figure 2o3«3 V aria tion  of the f i e ld  of view with the m ir ro r  separa tion  or 
the fo ca l  plane p o s i t io n  (Newtonian focus) fo r  d i f f e r e n t  
m ir ro r  se ts
Table 2,3»1 Newtonian Mirror Set Parameters
Primary diameter Dp 2 5 .U om
Primary fo ca l leng th  f  129.5 cm
Secondary diameter (minor a x is )  5.7 cm
Table 2*3.2 Cassegrain M irror Set Parameters
Primary diameter "p 25.4 cm
Primary foca l leng th f 128 ± 0.5 cm
Secondary diameter Ds 7,6 cm
Secondary foca l leng th  ( v i r t u a l ) f t 29,5 ± 0,9 cm
Table 2 ,3 .3  Newtonian/Cassegrain Mirror Set Parameters
Primary diam eter Dp 25.4 cm
Primary foca l leng th  f  128 & 0.5 cm
Secondary diameter (minor a x is )  Dg 5,7 cm
2,4 Image Size and__DeMgtor— EoalLimi
In the proceeding s e c t io n  the  f i e ld s  of the  Newtonian and Cassegrain m irro r  
s e t s  and the  f i e l d  of the  Cassegrain primary in  a Newtonian co n figu ra tion  
(described as the  Newtonian/Cassegrain combination) are compared. The work 
described  in  t h i s  s e c t io n  de fines  image s ize  to  allow appropria te  d e tec to r  
p o s i t i o n i n g  f o r  e f f i c i e n t  use  o f  th e  l i g h t  g a th e r in g  power o f  th e  
te lescope. In su b -sec t io n  2,4,1 an an a ly s is  of image s iz e  i s  app lied  to  the 
Cassegrain s e t  and Newtonian/Cassegrain in  comparison, the  Newtonian s e t  i s  
re je c te d  because of i t s  s l i g h t ly  l e s s  favourable f i e l d  of view and the  lack  
of the  s ig h t in g  f a c i l i t y .  In  su b -sec tio n  2.4.2 the d e tec to r  p o s i t io n ,  w ith  
r e s p e c t  to  th e  f o c a l  p la n e ,  i s  d e f in e d  f o r  th e  N e w to n ia n /C a sse g ra in  
te le sco p e ,
2.4.1 Image Size
Two equivalen t expressions are  derived (appendix A2,1) to  r e l a t e  the system 
image s i z e  to  th e  m i r r o r  s e p a r a t i o n  f o r  a p p l i c a t i o n  to  e i t h e r  th e  
Cassegrain or the Cassegrain/Newtonian se ts .
2.4.1 (a) Cassegrain Im age__
The s i tu a t io n  fo r  the  Cassegrain and i t s  secondary m agn ifica tion  i s  shown 
i n  th e  ray  d iagram  o f  f i g u r e  2,4,1, The u s e f u l  r e l a t i o n  be tw een  system  
image s iz e ,  d^ ,^ and m irro r  sepa ra tion , d, i s  g iven by (equation A2,1,12)
^ i  = Dg -  2 (b 4- d),tan[tan"”'*(Dp -  D g ) / 2 d  -  a t a n ” **( D g / 4 f « ) ] ( 2 , 4 , 1 )
and i s  p lo t te d  fo r  the Cassegrain parameters ( ta b le  2,3,2) in  f ig u re  2,4,2 
(b i s  g iv e n  f o r  d by e q u a t io n  2,2 ,6),
At th e  m i r r o r  s e p a r a t i o n  o f  104 om., which was s e l e c t e d  i n  s u b - s e c t i o n
2.2.2, f i g u r e  2.4.2 g iv e s  an image d ia m e te r  o f  18.8 cm., which i s  g r e a t e r  
than the  primary hole diam eter. In  add ition , the d e tec to r  i s  nowhere near 
la rg e  enough, f u r th e r  r e s t r i c t i n g  the  e f fe c t iv e  f u l l  primary f i e ld .  F ie ld  
o f  view and e f f e c t i v e  ( d e te c te d )  image s i z e  a re  r e l a t e d  by com bining  
e q u a t io n s  (2 ,3 .3 ) ,  (A2.1.9), (A2,1,10) and (A2.1.11) to  g iv e
od^= 2 ta n -1 (D p /4 f )  -  2 ta n “ ‘*( D g /4 f » )  -  tan"’'*(Dg «= d ^ )/2 (b  4* d). (2 ,4 .2 )
The p h o t o m u l t i p l i e r  (EMI G26H314LF) has a ca th o d e  d ia m e te r  o f  1.6 om, 
w hich , upon i n s e r t i o n  f o r  d^ i n  e q u a t io n  (2 .4 .2 ) ,  g iv e s  a f i e l d  o f  view 
which i s  l e s s  than zero.
T h is  a n a l y s i s  e x p la i n s  why th e  C a s s e g ra in  s e t  was r e j e c t e d .  The problem  
a r i s e s  w ith  the  m agn if ica tion  of the primary image by the secondary m irror. 
The s o l u t i o n ,  to  r e p l a c e  th e  convex secondary  m i r r o r  by a f l a t  Newtonian 
secondary, i s  te s te d  in  the  fo llow ing  image s iz e  a n a ly s is  fo r  the  Newtonian 
secondary and Cassegrain primary combination,
2.4.1(b) Newtonlan_Secondary/Casaegr_ain_Erimar_y_Imag.e__Sl^e,
The r e l a t io n  between system image s iz e  and defined m irro r  separa tion , d, i s  
the  same as th a t  fo r  the  primary image s iz e ,  given by (equation A2.1.3)
dp = (dDp + fDg -  fDp)/d (2,4.3)
and p lo t te d  fo r  the Newtonian/Cassegrain param eters ( tab le  2.3*3) in  f ig u re
2 .4 .3 .
The d e t e c t o r  d ia m e te r  o f  1.6cm., on f i g u r e  2 ,4 .3 , r e s t r i c t s  th e  maximum
m ir r o r  s e p a r a t i o n  to  106 cm. On f i g u r e  2,3*3 t h i s  g iv e s  an ad eq u a te  f u l l  
f i e l d  o f  13 rarads, and a f o c a l  p la n e  p o s i t i o n  a t  3 om, from th e  tu b e  0,D, 
As th e  f o c a l  p lan e  i n  t h i s  c ase  would be so n e a r  to  th e  tube  (any f u r t h e r  
o u t  and th e  f i e l d  i s  re d u c ed ,  a c c o rd in g  to  f i g u r e  2*3*3) th e n  d i f f i c u l t y  
could have been encountered upon in c lu s io n  of an in te r fe re n c e  f i l t e r  and 
i r i s  i n  f r o n t  o f  th e  d e t e c t o r .  F u r th e r  a n a l y s i s  i s  g iv e n  below i n  s u b ­
se c t io n  2.4.2 to  determine how f a r  away from the fo ca l  plane the  d e tec to r  
may be before the  f i e l d  i s  r e s t r i c t e d ,
2,4,2
The e f f e c t i v e  image s i z e ,  a s  th e  d e t e c t o r  " s e e s ” i t ,  i n c r e a s e s  away from 
and on each  s id e  o f  th e  f o c a l  p la n e  o f  th e  t e l e s c o p e  a s  i s  shown f o r  th e  
edge r a y s  i n  f i g u r e  2 ,4 .4 , w here  th e  f o c a l  p la n e  im age s i z e  i s  d j  and th e  
e f f e c t iv e  image s iz e  i s  dj* a t  an a x ia l  d is tan ce ,  x, from the fo ca l plane. 
I t  i s  u se fu l  to determ ine the  d is tan ce  th a t  the d e te c to r  can be placed from 
a fo ca l  plane of known s ize .  S im ila r  t r i a n g le s  i n  f ig u re  2.4,4 give
(Dp -  d j ) / f  = (dj» -  d j ) /  Xo (2,4,4)
The maximum a l lo w a b le  d i s t a n c e ,  x i s  d e f in e d  f o r  a d e t e c t o r  s i z e
which g ives in  the  express ion
^ max - ^ (^ I 'm ax  “* d i) / (D p  “ d j) ,  (2.4,5)
which i s  p l o t t e d  f o r  s 1,6 cm,. Dp s 25,4 cm, and f  s 128 cm. i n
f ig u r e  2,4,5,
F ig u r e s  2.4,5 and 2,3*3 a re  c o n s id e re d .  I f  th e  f o c a l  p lane  i s  c lo s e  to  th e  
tu b e  i t  i s  d i f f i c u l t  to  p la c e  th e  d e t e c t o r .  However, i f  th e  f o c a l  p la n e
were moved away from the tube by reducing the m irro r  sep a ra t io n  then the 
f i e l d  would s u f f e r  ( f i g u r e  2o3*3)o T h e re fo re ,  to  f i x  a d e t e c t o r  n e a r  to  a 
f o c a l  p lane  near  to  th e  tube  i t  was n e c e s sa ry  to  know how a c c u r a t e l y  th e  
p o s i t i o n i n g  s h o u ld  be , g i v e n  t h e  m i r r o r  s e p a r a t i o n  a s  t h e  b a s e  
s p e c i f ic a t io n .
A most u s e f u l  way o f  e x p r e s s in g  th e  d i s t a n c e  x i s  to  use  i t  to  c a l c u l a t e  
th e  p e r m i s s i b l e  ran g e  o f  d e t e c t o r  d i s t a n c e ,  e , from th e  tu b e  0*D, The 
maximum i s  given by
®max ~ ^ ” D3 / 2  •=• p «= d 4- X (2.4,6)
where p i s  d e f in e d  i n  s u b - s e c t i o n  2,3*1 (a). The minimum p e r m is s i b l e  
d is tan ce  i s  given by
®min = ” Dg/2 -  p -  d -  x (2,4,7)
E q u a t io n s  (2,4 ,6) and (2,4 ,7) e x p re s s  th e  s i t u a t i o n  shown i n  f i g u r e  2,4,4. 
They a re  p l o t t e d  i n  f i g u r e  2 ,4 ,6 , showing t h a t  t h e r e  i s  no freedom  o f  
p o s i t io n in g  a t  d s 106 cm, which corresponds to  an image s iz e  of 1,6 cm., 
( f i g u r e  2 , 4 , 3 ) th e  d e tec to r  diam eter.
Figure 2.4*1 Ray diagram showing the image s ize  formed by the edge rays in
the Cassegrain te lescope
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Figure 2 .4 .2  V aria tion  of the fo ca l  plane image s ize  w ith m irro r  separa tion  
in  the Cassegrain te lescope
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Figure 2*4.3 V aria tio n  of the focal plane Image size w ith m irror separation  
In  the Newtonian/Cassegrain telescope system
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Figure 2 .4 .4  E ffe c t iv e  te lescope  image s ize  away from the foca l plane
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Figure 2 .4 .5  Allowable d e te c to r  to  foca l plane d is tance  in  the Newtonian/ 
Cassegrain te lescope* fo r  image s ize  or m irro r  separa tion
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Figure 2 .4 .6  Allowable d e tec to r  p o s i t io n  w ith  re sp ec t  to the tube O.D, 
depending on m ir ro r  separa tion
2,5
2,5.1
The Cassegrain type primary and the  Newtonian f l a t  secondary m ir ro rs  were 
se le c ted  fo r  the  l i d a r  te lescope  as  the  means of s a t i s fy in g  f i e l d  of view 
and im age s i z e  r e q u i r e m e n ts .  However* th e  un ique  f e a t u r e  o f  t h i s  
c o n f ig u ra t io n  i s  the  f a c i l i t y  fo r  d i r e c t  t e l e s c o p e / t a r g e t  a l ig n m e n t  when 
used w ith  a r e f l e c t i v e  f i l t e r  near the  foca l plane (chapter 7).
The p r in c ip a l  r e s t r i c t i o n  on maximum m irro r s ep a ra t io n  i s  image s ize .  I f  
th e  l a t t e r  was to  be k e p t  l e s s  th a n  1.6 cm, a t  th e  f o c a l  p lan e  th e n  th e  
m i r r o r s  w ere  n o t  to  be g r e a t e r  th a n  106 cm. a p a r t ,  a c c o rd in g  to  f i g u r e
2.4.3. To preserve an adequate f i e l d  o f  view the sep a ra t io n  was to  be g re a t  
enough. As a guide, the  f u l l  f i e l d  was l im i te d  to a minimum of 8 mrads. by 
ensuring th a t  the  sep a ra t io n ,  according to  f ig u re  2,3,3, never f a l l s  below
103.5 cm. The l i m i t s  on sep a ra t io n  a re  then denoted by
103.5 cm. < d < 105 cm. (2,5.1)
giving the coresponding f u l l  f i e l d  of view range, given by f ig u re  2.3.3, as
8 mrad. < ^-|-< 13 mrad. (2,5.2)
I t  was p o s s i b l e  to  s e t  th e  m i r r o r  s e p a r a t i o n  by th e  l i m i t s  o f  (2 .5,1) and 
th e n  use f i g u r e  2,4.6 to  d e f in e  th e  l i m i t s  on th e  d e t e c t o r  p o s i t i o n .  
A l t e r n a t i v e l y ,  th e  d e t e c t o r  to  tu b e  d i s t a n c e  cou ld  be s e t ,  p l a c in g  a 
maximum on m ir ro r  s ep a ra t io n  according to  the  maximum in  f ig u re  2.4.6, The 
l a t t e r  idea was followed because the  housed d e tec to r ,  w ith  f i l t e r ,  i r i s  and 
m ounting , e f f e c t i v e l y  s e t  th e  d i s t a n c e ,  e, be tw een  p h o to ca th o d e  and
t e l e s c o p e  tu b e .  I d e a l l y ,  th e  d e t e c t o r  would be s e t  a t  th e  f o c a l  p lan e  to  
m axim ise  f i e l d  o f  v iew . The t e l e s c o p e  was c o n s t r u c te d  so t h a t  th e  
s e p a r a t i o n  co u ld  be v a r i e d  w i t h i n  th e  p r e s c r i b e d  l i m i t s  o f  (2 .5 ,1 ) .  The 
d e tec to r  mounting was designed to  be moved to  s tay  a ligned  w ith  the  o p t ic a l  
a x is ,
2.5.2 Telescope C onstruction
The l i d a r  equipm ent i n  g e n e r a l  was d e s ig n e d  to  be a s  r e l i a b l e  and a s  
s e r v i c e  f r e e  a s  p o s s ib l e .  To t h i s  end th e  t e l e s c o p e ,  i l l u s t r a t e d  i n  th e  
s c h e m a t ic  o f  f i g u r e  2 .5 .1 , was made from s im p le ,  y e t  f u l l y  a d j u s t a b l e ,  
components.
The primary m irro r  was mounted on an aluminium base p la te  which i s  secured 
by a d ju s t in g  screws to  the  te lescope  end p la te  ag a in s t  a compressed 0 -r in g  
( f i g u r e  2 .5 .2 (a )) .  The seco n d a ry  m i r r o r  mount was c o n s t r u c t e d  to  th e  same 
p r i n c i p l e .  A th r e e  leg g ed  s p i d e r  mount, s e c u re d  to  th e  tu b e ,  c a r r i e s  th e  
m i r r o r  below i t  ( f i g u r e  2 .5 .2 (b ) ) ,  s tu c k  and c l ip p e d  to  a s o l i d  a lum in ium  
base, A rubber block, under compression between the two sec t io n s ,  provides 
a p iv o t fo r  adjustment by th ree  screws. Tlie ffini-.e.nlngs of the  sp ide r  to the 
tube ( f ig u re  2.5.1) were made so as to  provide adjustm ent of the secondary 
m ir ro r  along the o p t ic a l  ax is  so th a t  m irro r  separa tion , d, could be var ied  
be tw een  th e  l i m i t s  o f  (2 .5 .1 ) . I t  was v i t a l  to  remember t h a t  th e  a c t u a l  
c e n t r e - t o - c e n t r e  m i r r o r  s e p a r a t i o n  i s  g iv e n  by d + Dg/2. F a c i l i t y  i s  
p ro v id e d  on th e  m ain  s p i d e r  body to  a t t a c h  e i t h e r  th e  C a s s e g ra in  o r  th e  
N ewtonian seco n d a ry .  The seco n d a ry  mount was d e s ig n e d  to  s u p p o r t  the  
Cassegrain and Newtonian m ir ro rs  sim ultaneously , one on each s ide , i f  the  
l a s e r  "beam" was r e q u i r e d  to  be t r a n s m i t t e d  c o - a x i a l  to  th e  t e l e s c o p e  
( f i g u r e  2 .5 .3).
The tube, enclosing a l l  the components, i s  derived , i n  keeping w ith  the  low 
c o s t  n a tu re  o f  th e  p r o j e c t ,  from P.V.C d r a in p ip e  w i th  a 30.5 cm. I.D and 1 
cm. th ickness .
The t e l e s c o p e  o p t i c a l  component d e t a i l s  a r e  l i s t e d  i n  t a b l e  2.3.3? th e  
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Figure 2,5*1 Sec tiona l schematic o f  the  Newtonian/Cassegrain l i d a r  *scope
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Figure 2 .5 ,2  S ec tiona l schematic of (a) the primary m irror mount
(b) the secondary m irro r mount
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Figure 2,5.3 Schematic showing the  f a c i l i t y  fo r  c o -ax ia l  tran sm iss io n  of 
the l a s e r  pulse using a Cassegrain rec e iv e r
Table 2.5.1 Tiie Lidar Telescope Specification
Component Description Specification
Focus Newtonian
Primary mirror Cassegrain type; spherical concave; 4cm hole.
diameter 
focal length 
focal ra t io
25.4 era 
128 t  0.5 can 
f:5











Mounting Steel frame alt-azimuth with la se r  bradcet.
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In  DIAL th e  r e t u r n  photon  d i s t r i b u t i o n  i s  o f t e n  v e ry  weak, p a r t i c u l a r l y  
when r e c e iv in g  a s i g n a l  from an ex trem e range . The d e t e c t i o n  p ro c e s s  f o r  
such s i g n a l s  must in c lu d e  an a m p l i f i c a t i o n  s t a g e ,  A p h o t o m u l t i p l i e r  
inco rpo ra ting  high cathode s e n s i t i v i t y  w ith  low noise, high bandwidth and 
high ga in  i s  most s u i ta b le  fo r  the  task . This chapter desc ribes  the  general 
fe a tu re s  of p h o to m u lt ip l ie r  opera tion  and provides in fo rm ation  lead ing  to  
th e  ch o ice  o f  a p h o t o m u l t i p l i e r  s p e c i f i c a l l y  f o r  t h i s  work. A g e n e r a l  
d iscuss ion  of opera ting  cond itions  i s  applied  to  spec ify ing  the  opera ting  
en v ironm en t o f  th e  chosen  tu b e .  The f i n a l  s e c t i o n s  d e s c r ib e  th e  p h y s ic a l  
env ironm en t o f  th e  p h o t o m u l t i p l i e r  i n  th e  l i d a r  sy s tem , in c lu d in g  an 
in v e s t ig a t io n  in to  the  s c a t te re d  s o la r  spectrum a t  ground le v e l .
3.1 P h o tom ultip lie r  S tru c tu re  and Operation
The study described in  t h i s  s e c t io n  provides a general background knowledge 
o f  each w ork ing  a s p e c t  o f  th e  p h o t o m u l t i p l i e r  w i th  a b ia s  to w a rd s  th e  
p ro p e r t ie s  necessary fo r  d e te c t io n  o f  p u ls e s  o f  u l t r a - v i o l e t  w av e len g th .  
The tu b e  g a in  i s  a n a ly s e d  g e n e r a l l y  i n  th e  append ix  w i th  re g a rd  t o  the  
in te r s ta g e  vo ltages  s e t  by the  d iv id e r  chain re s is ta n c e s .  This a llow s tube 
g a in  to  be d e f in e d  f o r  l a t e r  a p p l i c a t i o n .  An i n v e s t i g a t i o n  o f  p u ls e  
t r a n s f e r  i n  i t s  t r a n s d u c t i o n  from o p t i c a l  to  e l e c t r i c a l  form g iv e s  th e  
e f f e c t  o f  te m p o ra l  r e s o l u t i o n  i n  p u ls e  reproduction. The p h o to m u lt ip l ie r
structure types associated with time response are compared,
3.1.1 In tro d u c tio n  to  the,,Phot omul t lP _ l ie r
The a c t io n  of a p h o to m u lt ip l ie r  i s  i l l u s t r a t e d  i n  the  block schematic of 
f i g u r e  3,1.1, A photon  c u r r e n t  i n c i d e n t  upon th e  p h o to -c a th o d e  cau se s  
photo-em ission o f e lec tro n s  w ith  a wavelength dependent quantum e f f ic ie n cy  
d e s c r ib in g  th e  e f f i c i e n c y  o f  photon  to  e l e c t r o n  t r a n s f e r .  The c a th o d e  
c u r r e n t  i s  a m p l i f i e d  i n  an  e l e c t r o n  cascad e  by a s e r i e s  o f  dynodes, each 
made of a secondary em it t in g  m a te r ia l .  The e lec tro n s  co lle c te d  a t  the  anode 
a f t e r  m u l t ip l ic a t io n  c o n s t i tu te  the  anode cu rren t which may be processed 
d i r e c t l y  i n  c u r r e n t  mode o r  a n a ly s e d  i n  v o l t a g e  mode a s  th e  p o t e n t i a l  
d eveloped  a c r o s s  a lo a d  r e s i s t o r .  P ro cesses  in  p h o to m u lt ip l ie r  opera tion  
a re  explained in  the  fo llow ing  sub-sec tions ,
3.1.2 Window,. Cathode, and S p ec tra l  Response
The m ain f e a t u r e s  o f  co n ce rn  a s  r e g a r d s  th e  p h o t o m u l t i p l i e r  window and 
c a th o d e  a r e  th e  r e s p e c t i v e  w av e le n g th  dependent tran sm iss io n  and photo- 
e m iss iv i ty .
Correct s e le c t io n  of window m a te r ia l  becomes im portant towards the  UV below 
abou t 375 nm. The most common windows i n ,  f o r  exam ple, EMI tu b e s  a r e  o f  
b o ro s i l ic a te  or Corning 9741, B o ro s i l io a te  i s  s u i ta b le  only to  350 nm, but 
the  Corning g la s s  g ives about 95% t ransm iss ion  a t  t h i s  wavelength, t a i l i n g  
o f f  to  50^ a t  about 200 nm. F ig u re  3*1*2 shows th e  s p e c t r a l l y  dependen t 
window t r a n s m i s s i o n  o f  some window m a t e r i a l s  w hich  a re  s u p p l ie d  f o r  UV 
de tec tion . The best a re  the f lu o r id e s  which t ra n sm it  a t  l e a s t  6555 down to  
150 nm. In  m ost w a v e le n g th  r e g io n s  i t  i s  p o s s ib l e  to  s e l e c t  a window to  
give t ran sm iss io n  o f more than 80%.
The sp e c t ra l  response of the  photocathode i s  rep resen ted  num erically  by i t s  
q uan tum  e f f i c i e n c y ;  t h a t  i s  t h e  r a t i o  o f  t h e  num ber o f  e m i t t e d  
photoeleotrons to  the  number of in c id en t  photons. The s e n s i t i v i t y  can a lso  
be d e f in e d  by th e  r a d i a n t  ca th o d e  s e n s i t i v i t y  (mA/W), a f u n c t io n  o f  
wavelength or the  luminous cathode s e n s i t i v i t y  ( ywA/lumen), independent of 
wavelength. Cathode m a te r ia l  s e le c t io n  i s  made according to  the  r e q u i s i t e s  
o f  w av e len g th  or range  o f  w a v e le n g th s  to  be d e te c te d .  The quantum 
e f f i c i e n c y  o f  some m a t e r i a l s  can  approach  a peak o f  25%. The low work 
func tion  of these  types means th a t  i t  i s  s e n s i t iv e  over a broad wavelength 
range. This may be a problem in  cases where unwanted background i s  p resen t,  
P h o to ca th o d es  o f  h ig h  work f u n c t io n  a re  s u p p l ie d  f o r  re sp o n se  to  UV 
wavelengths w ith  a c u t -o f f  on the  edge of the  v i s ib le  band. However, these  
so la r  b lind  cathodes have a peak quantum e ff ic ie n cy  of no more than 10% and 
they have a much narrower s p e c t ra l  response range. The high work func tion  
a lso  g ives the  advantage o f  low therm al dark cu rren t.  I t  must be noted th a t  
th e  low w av e le n g th  re sp o n se  m a t e r i a l s  a re  on ly  a v a i l a b l e  i n  low ca th o d e  
diam eters, a f a c to r  which may be im portant in  photometry of a la rg e  image 
s i z e .  F ig u re  3,1,3 g iv e s  exam ples  o f  th e  s p e c t r a l  re sp o n se  o f  some 
m a te r ia ls  (EMI catalogue, 1979? Hamamatsu catalogue, 1980; RCA catalogue, 
1979).
3.1.3 Gain
A p h o to m u lt ip l ie r  g enera lly  has a maximum gain, by e le c t ro n  m u l t ip l ic a t io n ,  
2l fto f  be tw een  10 and 10 t im e s  depending  on th e  secondary  e m i t t i n g  dynode 
m a te r ia l ,  the  number of am plifying s tages , the dynode co n f ig u ra t io n  and the  
o p e r a t in g  v o l t a g e .  The dynode c o n f i g u r a t i o n  has a much more s i g n i f i c a n t  
e f fe c t  on tube tim e response and i s  d iscussed in  the  next sec tion ,
EMI tu b e s  use  dynodes o f  cesium  a n t im o n id e  (CsSb) o r  be ry liu ra  o x id e  on a
copper s u b s t r a t e  (Be-O-Cu o r  a l t e r n a t i v e l y ,  BeCu), The fo rm er  p ro v id e s  a 
higher ga in  fo r  the  same applied  vo ltage  but i t s  response i s  not as l in e a r  
a s  t h a t  o f  BeCu. High g a in  dynodes a re  u s e f u l  i f  equipm ent has  to  be 
o p e ra te d  a t  th e  lo w e r  v o l t a g e  from a b a t t e r y  a s  may be th e  ease  i n  a 
p o rtab le ,  hand-held d e tec to r .
High ga in  tubes employ up to  14 secondary e m itt in g  s tages . However, a tube 
w ith  more s tag es  i s  more su sc e p t ib le  to  g re a te r  o v e ra l l  ga in  changes in  the  
event of any v a r ia t io n  i n  in te r s ta g e  vo ltage  producing changes i n  e le c t ro n  
m u l t i p l i c a t i o n  which a re  th e n  a m p l i f i e d  f u r t h e r .  In  such a d e v ic e  th e  
c r i t i c a l  s tage  vo ltages  a re  s ta b i l i s e d .
The v o l t a g e  be tw een  each  dynode s t a g e ,  a p rim e f a c t o r  i n  th e  secondary  
em ission process, i s  app lied  by d iv id ing  an o v e ra l l  vo ltage  across  a chain 
o f  r e s i s t o r s ,  Zener d io d e s  a r e  u s u a l l y  used  to  s e t  a v o l t a g e  where  i t  i s  
c r i t i c a l  a t ,  fo r  example, the  f i r s t  s tage  between the  cathode and the  f i r s t  
dynode. Any f lu c tu a t io n  in  ga in  c rea ted  here would be am plif ied  by the  r e s t  
o f  th e  m u l t i p l i e r .  D e r iv a t io n s  o f  tu b e  g a in  e x p r e s s io n s  f o r  each  o f  two 
c i r c u i t s  a re  g iv e n  i n  th e  a p p en d ic e s  A3.1 and A3,2 f o r  a p p l i c a t i o n  to  any 
tu b e  g iv e n  th e  d i v i d e r  c h a in  r e s i s t a n c e s ,  zen e r  v o l t a g e s ,  th e  o v e r a l l  
vo ltage  and the secondary em ission c o e f f ic ie n ts .
The c i r c u i t  o f  f i g u r e  3.1.4 i s  a r e s i s t i v e  d i v i d e r  c h a in  o f  n s t a g e s  w i th  
o n ly  th e  c a t h o d e - t o - f i r s t - d y n o d e  v o l ta g e  s e t  by a z e n e r  d io d e .  The 
r e s i s t i v e  chain vo ltage  i s  given by
" ^0 “ ^Zk » (3 .1 .1 )
w here i s  th e  z e n e r  v o l t a g e  and i s  th e  o v e r a l l  a p p l i e d  v o l t a g e .  The
g ain  equation fo r  t h i s  c i r c u i t ,  derived in  appendix A3.1? i s  given as
G = , (3.1.2)
where A and B are constan ts  which can be found fo r  a p a r t i c u la r  tube, R  ^ i s  
the  r e s i s t o r  before the  n^^ dynode, Rrp i s  the t o t a l  chain re s i s ta n c e  and f  
i s  the  ca th o d e - to - f irs t-d y n o d e  c o l le c t io n  e ff ic ie n cy  incorpora ted  w ith  the  
constan t A, Equation (3.1.2) i s  re -a rranged  to  give r e s i s t i v e  vo ltage  fo r  a 
ga in  G in
Vp = [(G/f,A^)1/^oRT^"Vv2;k.R2R3....Rn^^'^““  ^ (3.1.3)
used  i n  c o n ju n c t io n  w i th  (3.1.1) to  d e f in e  o v e r a l l  v o l t a g e  f o r  a d e s i r e d  
gain .
In  the  c i r c u i t  of f ig u re  3.1.5 the  ca th o d e - to - f irs t-d y n o d e  vo ltage  and the  
th ree  f i n a l  s tage  vo ltages  a re  s e t  by zener diodes, a llow ing v a r ia t io n  of 
g a in  a t  h igh  s i g n a l  p u ls e  c u r r e n t s  w i th o u t  l o s in g  l i n e a r i t y  o f  re sp o n se  
(explained in  sec t io n  3.2), Equation (3.1.1) above now takes  the  form
^R ” ^0 ” (Vgk + + Vg2 + Vgg). (3.1.4)
The ga in  equation fo r  t h i s  c i r c u i t ,  derived in  appendix A3.2, i s  
G = f . A” CV2k*V2-j.o..V2in“VR”“’“ “ '*.R2"R3— (3.1.5)
where th e re  a re  m+1 f in a l - s t a g e  zeners . Equation (3.1.5) i s  re-a rranged  to  
give
ï j  = [ ( Q / f . A ' ' ) 1 ' ' B R ^ n - “ - 1 / V 2 k . V z T . . . V z „ . I Î 2 - H 3 — B „ . i u ] ’ ^ “ " “ “ ’' -  ' 3 . 1 . 6 )
T his  i s  used  w i th  (3.1.4) to  d e f in e  th e  o v e r a l l  v o l t a g e  n e c e s sa ry  f o r  a 
d e s i r e d  gain.
Both o f  th e s e  exam ples a r e  a v a i l a b l e  f o r  d e f in in g  th e  g a in  o f  p a r t i c u l a r  
p h o to m u lt ip l ie r  and d iv id e r  c i r c u i t s ,  given the o v e ra l l  opera ting  vo ltage . 
A l t e r n a t i v e l y ,  th e  o p e r a t in g  v o l t a g e  may be s e t  f o r  a d e s i r e d  g a in .  The 
c o n s t a n t s  f,A^ and B a re  found by s o lv in g  (3.1 .2) s im u l ta n e o u s ly  f o r  two 
values of ga in  a t  re sp ec tiv e  opera ting  vo ltages. The method assumes th a t  
th e  m a n u fa c tu r e r s  s p e c i f i c a t i o n  was o b ta in e d  u s in g  a s ta n d a rd  d i v i d e r  
c i r c u i t ,  d e f in ing  the  r e s i s t o r  chain and zener vo ltages. Once the  constan ts  
have been found , th ey  app ly  to  any v a r i a t i o n  from th e  s ta n d a rd  c i r c u i t .  
S e c t io n  3*4 in c lu d e s  an a p p l i c a t i o n  o f th e  e q u a t io n s  and method to  th e  
s e l e c t e d  p h o t o m u l t i p l i e r .  A c i r c u i t  f o r  th e  DIAL system  was d e s ig n ed  
according to  o p era tiona l l im i t a t i o n s  defined in  s ec t io n  3,2 and app lied  in  
s e c t i o n  3«4,
3.1.4 %ime_Response^and the Dvnode S truc tu re
T h is  s u b - s e c t i o n  p ro v id e s  th e  in f o r m a t iv e  b a s i s  f o r  s e l e c t i n g  a tu b e  
( s e c t i o n  3.3) w i th  th e  t im e  r e s o l u t i o n  and g a in  l i n e a r i t y  r e q u i r e d  f o r  
s p a t i a l  r e s o l u t i o n  and a c c u r a t e  power r e p r e s e n t a t i o n  i n  l i d a r .  The t im e  
spread of the  tube i s  expressed in  sub-sec tion  3.1.5.
The tim e response of a p h o to m u lt ip l ie r  i s  described by the  r i s e - t im e  and 
th e  f u l l  w id th  a t  h a l f  maximum ( s h o r te n e d  to  fwhm) o f  an o u tp u t  a r i s i n g  
from th e  m u l t i p l i c a t i o n  o f  a s i n g l e  ca thode  e l e c t r o n .  The m ag n itu d es  o f  
th e s e  f a c t o r s  a re  dependen t on th e  s t r u c t u r e  o f  th e  dynode ch a in .  
Photocathode response time can be assumed to  be n e g l ig ib le  in  the  face of
the time spread a r i s in g  from d i f f e r in g  e le c tro n  paths between the  dynodes. 
This spread i s  reduced in  c e r t a in  types of focused m u l t ip l ie r  s t ru c tu re s  
where a l l  e lec tro n s  t r a v e rs e  the  same path length. Four types o f  m u l t ip l ie r  
a r e  i l l u s t r a t e d  i n  f i g u r e s  3 ,1 .6(a) to  (d) (EMI c a ta lo g u e ,  1979» Pho to - 
e l e c t r o n i c  D ev ices , Dance), The dynodes o f  f i g u r e s  3 ,1 ,6(a) a r e  c a l l e d  
V en e tian  b l in d ,  each b e in g  made of s e v e r a l  p l a t e s  i n c l i n e d  a t  45° to  the  
tube  a x i s  and h av in g  a g r i d  to  c o l l e c t  s t r a y ,  low energy e l e c t r o n s .  This 
ty p e  has  th e  ad v an tag e  o f  l a r g e  in p u t  a re a  though i t  has  th e  r e l a t i v e l y  
slow re sp o n se  of 5 to  10 ns, r i s e  t im e  and 15 to  20 ns, fwhm (EMI 
cata logue, 1979), The box and g r id  s t ru c tu re  of f ig u r e  3,1.6(b) has an even 
s lo w e r  r e s p o n se ,  w i th  a r i s e - t i m e  o f 12 to  20 ns, and a fwhm of 30 to  50 
ns. This arrangement forms the  i n te r n a l s  of a narrow p h o to m u lt ip l ie r  tube. 
F igure 3.1.6(c) i s  of the  l in e a r  focused chain, g iv ing  a ty p ic a l  r i s e - t im e  
o f  1,8 to  2,2 ns, and a fwhm o f  2,7 to  5.5 ns. The c i r c u l a r  fo cu sed  
s t r u c t u r e  o f  f i g u r e  3 ,1 .6(d), th e  o n ly  one w i th o u t  a t r a n s p a r e n t  ca th o d e ,  
i s  the most compact and i s  used in  sm all tubes w ith  a s ide  window. This i s  
th e  f a s t e s t  tu b e ,  w i th  a r i s e - t i m e  o f  1 to  2 ns. and a fwhm of 2 to  5 ns. 
However, i t  does n o t  have a s  h igh  a p o t e n t i a l  f o r  g a in  a s  th e  l i n e a r  
focused  configura tion .
Another v a r i a b l e  depend ing  on th e  type  of m u l t i p l i e r  s t r u c t u r e  i s  th e  
l i n e a r i t y  of response over the  range of s igna l cu rren ts .  The b es t  l i n e a r i t y  
i s  o b ta in e d  w i th  a l i n e a r  fo c u sed  s t r u c t u r e ,  fo l lo w e d  by th e  c i r c u l a r  
focused then the Venetian b lind  and the box and g r id  configura tions .
3,1.5 The Pulse Transfer Function
A t r a n s f e r  func tion  i s  derived to  describe the  passage, a m p lif ic a t io n  and 
tim e  sp re a d  of a s ig n a l  from  i t s  form a s  a t im e -d e p e n d e n t  photon 
d i s t r ib u t io n ,  inc iden t upon the  photocathode, to a time-dependent curren t
func tion  a t  the  anode* The anode cu rren t i s  p red ic ted  fo r  a d e l ta  fu n c tio n  
cu rren t  em itted  from the  cathode, leav ing  the t r a n s f e r  func tion  to  be found 
by a Fourier transform  convolution technique. The t r a n s f e r  func tion  can be 
a p p l i e d  to  any form o f  c a th o d e  f u n c t i o n  to  d e te rm in e  th e  form of th e  
p h o to m u lt ip l ie r  output.
The t r a n s f e r  func tion  i s  derived  in  appendix A3*3 to  give
H s (G/Jsix Tg).exp(-t^/2 (3.1*7)
which has a transform
" G.exp(- T g ^ /2 ) ;  (3.1.8)
T g  i s  th e  s ta n d a rd  d e v i a t i o n  o f  th e  G au ss ian  f u n c t i o n  a s s o c i a t e d  w i th  
p u ls e  sp re a d  a lo n g  th e  tu b e .  Thus, th e  t r a n s f e r  f u n c t io n  d e s c r ib e s  th e  
G a u ss ian  t im e  re sp o n se  and g a in  G o f  th e  p h o t o m u l t i p l i e r  tu b e  and can be 
a p p l ie d  i n  c o n v o lu t io n  w i th  a ca th o d e  c u r r e n t  f u n c t i o n  o r  any o p t i c a l  
f u n c t i o n  e x p re s s e d  a s  a pho ton  c u r r e n t  to  d e r iv e  th e  form o f  th e  anode 
cu rren t.  More im portan tly , the  t r a n s f e r  func tion  can be deconvolved w ith  an 
anode cu rren t  func tion  to  ob ta in , more p rec ise ly ,  the  form of the  o r ig in a l  
o p t i c a l  s igna l .
Appendix A3.4 o u t l i n e s  th e  a p p l i c a t i o n  o f  th e  t r a n s f e r  f u n c t io n  to  th e  
ca th o d e  p u ls e  a r i s i n g  from in c id e n c e  o f  a G au ss ian  pho ton  c u r r e n t  o f  th e  
form
n*(t) = (n ^ / 'fF n  ' ^ ) . e x p ( - t ^ / 2  2^^) ,  (3.1.9)
to give the form of the anode current as
i ^  = [r^en^G//|2n + TTg^/l.expC-t^/aCTo^ *f-T2^)3» (3.1.10)
assum ing  n e g l i g i b l e  ca th o d e  re sp o n se  t im e .  In  t h i s  e q u a t io n ,  r| i s  th e  
cathode quantum e f f ic ie n cy ,  2^ i s  the  standard  dev ia t io n  of the  o r ig in a l  
pulse and n^  ^ i s  the  to ta l  number of in c id en t  photons. Equation (3.1.10), in  
te m p o ra l  com parison  w i th  (3.1.9)» shows th e  t im e  sp re a d  im posed by th e  
p h o to m u lt ip l ie r  on an o r ig in a l  pulse width, transform ing according to
fwhrapy]Lse"(fwh®i pulse*** '^"^^® p h o to m u l t i p l i e r ^   ^ (3.1.11)
I f  tu b e  t im e  sp re a d ,  g iv e n  by th e  s ta n d a rd  d e v ia t io n ,  TTg» o c c u r in g  i n  
e q u a t io n  (3.1.7)» i s  i n s i g n i f i c a n t  when compared w i th  th e  o p t i c a l  p u ls e  
width, expressed in  (3.1.9) by the  standard devation 2^, then i n  t h i s  case 
the  anode cu rren t  o f  (3.1.10) i s  a r e p l ic a  in  time of the in c id e n t  pulse of 
(3 .1 .9). More g e n e r a l l y ,  th e  t r a n s f e r  fu n c t io n  of equation (3.1.7) becomes 
merely the  tube gain, becoming the  equivalences
H=G (3.1.12)
5 G (3 .1 .13)
under the  conditions
T g  «  ( 3 . 1 . 1 4 )
Appendix A3.5 desc ribes  the  a p p l ic a t io n  of the  t r a n s f e r  func tion , given in  
equation  (3.1.7)» in  convolution w ith  the  fu n c tio n  describ ing  any in c iden t
photon  d i s t r i b u t i o n ,  g iv e n  by th e  photon c u r r e n t  n’(t)o The t r a n s f e r  
equation g ives the  transorm of the  anode cu rren t ,  1^ ,^ i n
P^i^ = r^e P^nXt). A ,  (3 .1 .15 )
The r e s u l t  of the  t r a n s f e r  on the  Gaussian in  the  previous paragraph showed 
th e  t im e  sp re ad  on th e  p u ls e  i n  pa ssag e  th ro u g h  th e  dynode s t r u c t u r e .  I f  
t h i s  spread i s  much sm alle r  than the  in c id en t  pulse w idth, according to  the  
c o n d i t i o n s  o f  (3 .1 .14), th e n  th e  t r a n s f e r  f u n c t io n  i s  s i m p l i f i e d  to  th e  
g a in ,  as  i n  (3.1.12) and (3 .1 .13). In  t h i s  way e q u a t io n  (3.1.15) can be 
approximated to  give the  anode cu rren t as
i ^  SÛ: r^eGn'(t) (3 .1 .16)
under th e  c o n d i t io n s  o f  In e q u a l i ty  (3.1.14).
3.1.6 The _Photomultiplier__OutPut. C i rc u i t .
T h is  s u b - s e c t i o n  g iv e s  a g u id e  to  th e  form o f  th e  o u tp u t  v o l t a g e ,  g iv e n  a 
c e r ta in  anode curren t function . The r e s u l t s  can be applied  to  p re d ic t  the  
form of the  s ig n a l  vo ltage  a r i s in g  from a l i d a r  re tu rn  function . The output 
c i r c u i t  of the  p h o to m u lt ip l ie r  i s  a load r e s i s to r ,  Rj ,^ and a p a r a l l e l  s t r a y  
c a p a c i t a n c e ,  C^, as shown i n  f i g u r e  3.1.7= The f o l l o w in g  a n a l y s i s  f o r  
o u tp u t  v o l t a g e  i s  based on th e  e q u iv a l e n t  o u tp u t  c i r c u i t  i n  f i g u r e  3 .1.8 , 
where the  anode i s  considered as an id e a l  cu rren t genera to r  (EMI cata logue, 
1979).In genera l,  the anode cu rren t ,  1^ ,^ i n  the  c i r c u i t  i s  given by
i^=V/RL*»CL.dV/dt (3.1.17)
I f  the  tim e spread of the  p h o to m u lt ip l ie r  can be ignored, as described in  
s u b - s e c t i o n  3.1.5, th e n  e q u a t io n  (3.1,16) g iv e s  th e  anode c u r r e n t  f o r  
s u b s t i t u t io n  in to  (3.1,17), thus l in k in g  the  photon cu rren t w ith  the  output 
vo ltage  in  the  expression
r|eGn^(t)=V/R^^4-C^.dV/dt (3.1.18)
The form of n*(t) in  l i d a r  i s  given by the  l i d a r  equation in  chapter 8,
3 .1 .6(a) The,_QutP_u_t_VoXt_age. A ris ing from__a_GausslanJ]ptLioal Pulse 
E q u a tio n  (3.1.17) i s  s p e c i f i e d  f o r  a G a u ss ian  o p t i c a l  p u ls e  by e q u a t io n  
(3.1.1 0) to  become
[  + ? ; f ) 1 / 2 ] . e x p [ _ t 2 / 2 ( T o 2  + T g ^ ) ]  = V/R^ + C L - d ï / d t
(3 .1 .19 )
E q u a tio n  (3.1.19) i s  c o n s id e re d  w i th  r e s p e c t  to  th e  r e l a t i o n  be tw een  th e  
Rj^ Cl t im e constant of the  output c i r c u i t  and the standard dev ia t io n  which 
desc ribes  the  anode cu rren t  pulse  w idth (equation (A3.4,3)).
I f  th e  c o n s ta n t  R^C^ i s  much l a r g e r  th a n  (2^^ + Tg^) th e n  th e  p u ls e  i s  
i n t e g r a t e d  i n  t h a t  th e  anode c a p a c i t a n c e  i s  charged  to  a v o l t a g e  Vq . 
In te g ra t io n  of equation (3.1.19) in  the  l i m i t
Rl Cl »  +T2^)^^2 (3 .1 .20 )
gives the  maximum voltage  as
Vq = r|enj^G/C^. (3,1.21)
In  th e  even t t h a t  th e  o u tp u t  c i r c u i t  re sp o n se  m atches  th e  speed o f  th e  
pulse, in  the  eq u a li ty
V l = (3.1.22)
then equation (3.1,19) g ives  the peak vo ltage  as
Vpk 1 = ( | e n ^ G / 4 ^  (3 ,1 ,23)
Thus, the peak i s  lowered in  comparison w ith  the  maximum obtained through 
the pulse in te g ra t io n  described  above.
When the  constant i s  reduced fu r th e r ,  a lowering o f the  peak response
i s  e x p ec te d  i n  a d d i t i o n  to  a n a rro w in g  o f  th e  o u tp u t  p u ls e  to w a rd s  th e  
width of the  o r ig in a l  o p t ic a l  pulse. I f  R^C  ^ i s  considered n e g l ig ib le ,  in  
the  l i m i t
( 3 , 1 . 2 4 )
then equation (3.1,19) g ives  an express ion  fo r  the peak vo ltage  in
which i s  merely Ohms law applied  to  the peak anode current.
3.1.6(b) The Oubp.u,t_VQljbage A rising from. a_General^J0pt.ioal-.P-Ul.3e,
A de tec ted  d i s t r ib u t io n ,  described g enera lly  by the photon cu rren t ,  n*(t), 
can be assumed to  g iv e  r i s e  to  an o u tp u t  v o l ta g e  g iv e n  by e q u a t io n  
(3 .1 .1  8 ) , w h ic h  js
rjeGn»(t) = V/R^ + C^.dV/dtc (3.1.26)
I f  the  constan t, 8^0^ sm all in  comparison w ith  the dura tion  of temporal 
changes, d t ,  in  nKt) then  equation  (3-1.26) can be approximated (dt la rge ) 
to  give the  peak vo ltage  response in  the  expression
Vpk.max = r)eGRLn'(t). (3.1.27)
A l a r g e  c o n s ta n t  i n t e g r a t e s  th e  e n t i r e  photon d i s t r i b u t i o n  and i s  no t 
u s u a l l y  d e s i r a b l e  i n  a l i d a r  a p p l i c a t i o n  where range  r e s o l u t i o n  i s  
r e q u i r e d .  However, f o r  s h o r t  p u ls e d  r e t u r n s  and where range  a v e ra g in g  i s  
accep tab le , the s ig n a l  may be in te g ra te d  over i t s  whole ex ten t in  charging 
the  anode capacitance. The maximum vo ltage  a t ta in e d  across  the  output i s  
given by
V q = n » ( t ) d t o  ( 3 . 1 . 2 8 )
This i s  the general form of equation (3.1.21) and e f f e c t iv e ly  measures the 
t o t a l  number of photons c o l le c ted .
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Figure 3*1,1 Block schematic of pho tom ultip lie r  ac t io n
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Figure 3*1*3 S p ec tra l  re sponse  o f p h o to ca th o d e  m a t e r i a l s  (EMI c a ta lo g u e ,  
1979» Hamamatsu cata logue, 1980, RCA cata logue, 1979)
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F ig u re  3*1 *5 A r e s i s t i v e  p h o to m u lt ip l ie r  voltage d iv id e r  chain fo r  n dynodes 
bu t w i th  f i r s t  and f i n a l  s ta g e  zen e r  v o l t a g e s  f o r  b e t t e r  
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Figure 3 .1 .8  An equ ivalen t 0/P c i r c u i t  fo r  the  pho tom ultip lie r
3o2 Photomultiplier Operating Conditions
A p h o to m u lt ip l ie r  has c e r t a in  l im i t a t i o n s  which must be observed to  ensure 
d e v ice  l o n g e v i ty .  These l i m i t s  a r e  r e a d i l y  o b ta in e d  from m a n u fa c tu re r s  
recom m enda tions . I t  i s  a l s o  im p o r ta n t  to  c o n s id e r  th o s e  o p e r a t i o n a l  
p a ra m e te r s  which r e s t r i c t  th e  h a n d l in g  o f  th e  d e t e c t e d  s i g n a l .  A ll  th e  
f a c t o r s  a re  combined to  d e c id e  upon tu b e  o p e r a t io n  p a ra m e te r s  ( v o l t a g e ,  
d iv id e r  chain re s is ta n c e s ,  output c i c u i t )  and to  define s ig n a l  l im i t a t i o n s  
(maximum input power decided by anode or cathode l i m i t s  or from response 
l i n e a r i t y  r e q u i r e m e n t ) .  The tu b e  i t s e l f  must be chosen  to  be c o m p a t ib le  
w ith  the  o p t ic a l  s ig n a l  to  be de tec ted  and to  give the  requ ired  e l e c t r i c a l  
output fo r  an a ly s is .  The main a reas  fo r  co n s id e ra tio n  are  o u tl in ed , w ith a 
summary o f  th e  a s s o c i a t e d  p ro b lem s , i n  t a b l e  3.2.1* T h is  s e c t i o n  i s  
concerned w ith  the  po in ts  mentioned in  t a b le  3.2,1 to  provide a rec ipe  fo r  
o p e r a t in g  th e  l i d a r  system  p h o t o m u l t i p l i e r ,  a p p l i e d  i n  s e c t i o n  3.4. 
D e ta i l e d  d e s c r i p t i o n s  o f  th e  f a c t o r s  to  c o n s id e r  a re  g iv e n  i n  th e  
a p p en d ic e s  A3.6 to  A3.12 and th e  c o n c lu s io n s  a r e  o u t l i n e d  i n  th e  su b -  
s ec t io n s  below,
3.2.1 8ummarvLJ3f__PhcdxmultlDlj^ Operating Conditions
T h is  s u b - s e c t i o n  l i s t s  th e  e q u a t io n s  w hich have been d e r iv e d  i n  th e  
p re c e d in g  a p p en d ice s  o f  th e  s e c t i o n  f o r  a p p l i c a t i o n  to  p h o t o m u l t i p l i e r  
o p e r a t in g  l i m i t s  and d i v i d e r  c i r c u i t  d e s ig n .  A d d i t io n a l  p o i n t s  and 
manufacturers recommendations are  included. S pec if ic  notes apply to  pulse 
d e t e c t i o n .  The g e n e r a l  c i r c u i t s  o u t l i n e d  i n  f i g u r e s  3.2,1 and 3.2,2 a r e  
examples which were evolved from the  procedure followed here and they are  
in  f a c t  standard EMI con figu ra tions .
3.2.1(a) Preventing fa t ig u e  o f  tM__oathode_and_ .the_anod&
Given average cu rren t  maxima i^  and i ^  the  pulse  r e p e t i t io n  r a te ,
S, and ca th o d e  and anode ch a rg e ,  Qj^  and r e s p e c t i v e l y ,  a r e  l i m i t e d  
according to  expressions derived in  appendices Â3.6 and A3.7 to  give
^^k^^max ~ max* (3.2.1)
(^a^^max ” ^a max’ (3 .2 .2)
The charge  a r i s e s  from a ca th o d e  charge  p u ls e  Qj^  a f t e r  a g a in  G. In  
c o n s id e r in g  and g iv e n  by (3.2.1) and (3 .2 .2 ) , th e  lo w er
e f f e c t iv e  s ig n a l  le v e l  s e ts  the  l i m i t  on the  incoming s ig n a l  in te n s i ty .
3.2.1(b) Maximum, o v e ra l l  v o l t a g e
A maximum voltage  i s  s e t  by the  manufacturer or by experiment to  e l im in a te  
a f te r -p u ls e s  and breakdown.
3.2.1(c) Catho_d_e_-to-first-dvnode vo ltage  set. ■by_z_e,n-er_dlode,
3.2.1(d) F i n a l i s t  age v o l t a g e s
The re q u ire m e n t  f o r  l i n e a r i t y  under c o n d i t io n s  o f  h igh  c u r r e n t  s ig n a l  
p u l s e s  n e c e s s i t a t e s  t h a t  f i n a l  dynode v o l t a g e s  a re  in c r e a s e d  by u s in g  
h i g h e r  d i v i d e r  r e s i s t a n c e s ,  a s  show n i n  f i g u r e s  3.2.1 and 3 .2 ,4 .  
A lte rn a tiv e ly ,  the  f i n a l  vo ltag es  can be s t a b i l i s e d  fo r  l i n e a r i t y  by using 
z e n e r  d io d es  i n  th e  a r ra n g em en t i n  f i g u r e  3 .2 .2 , a l lo w in g  h igh  c u r r e n t  
pulses. The l i m i t s  concern d iv id e r  cu rren t ,  i^ ,  anode charge and dura tion , 
and fwhm^^^^^ r e s p e c t i v e l y ,  and p u ls e  r e p e t i t i o n  r a t e ,  S, Using 
e q u a t io n s  (A3.10.15) and (A3.10.16) w i th  (A3.7*2) and (A3.7.3) th e s e  l i m i t s  
are given as
QgS < ig ,  (3 .2 .3 )
Qj^/fwhnignode »  ^d ' (3.2.^1)
where i s  given by chain vo ltage  and re s is ta n c e  as i^  = Vp/R^.
3.2.1(e) First-to-,s_e_QO_n_d!rdynode_(llvlder_ resls_t_a.nc_e
The first-dynode-to-second-dynode vo ltage , V.j, i s  s e t  a t  a minimum o f 100 
v o l t s  (EMI cata logue, 1979) by a zener diode or a minimum re s is ta n c e  in  the  
d iv id e r ,  depending on minimum l ik e ly  o v e ra l l  vo ltage , In  the  non­
evaluated c i r c u i t  o f f ig u re  3.2.1, t h i s  impedance, R.j i s  given by
R>l = 16.5RV^ min^(^0 min “ ^k-d1 ° ^1 min^® (3*2.5)
The value o f  R i s  defined by the  c i r c u i t  con figu ra tion  and the  t o t a l  chain 
re s i s ta n c e .
3 .2 .1 (f )  T o t a l s div_ider_oiiicuit_ra8i8tanoe_and_re8i8tor_Æalue8 
The t o t a l  d i v i d e r  c i r c u i t  r e s i s t a n c e  i s  r e s t r i c t e d  by th e  l i n e a r i t y
requirem ent, L, and the  maximum r e s i s t o r  power ra t in g ,  W, in  the  expression
(from  (A3.10.12))
Z^R^max/^R^ < R  ^ < L.Vp min^^^a^^max* (3 .2 ,6 )
w here Vp i s  th e  v o l t a g e  a c r o s s  th e  r e s i s t i v e  s t a g e s ,  Up i s  th e  number o f  
dynodes, S i s  th e  p u ls e  r e p e t i t i o n  r a t e  and i s  th e  charge  i n  th e  anode 
pulse. The product (Q^^^max su b jec t  to  s a t i s fy in g  the  fa t ig u e  conditions  
o f  (3.2.1 ) and (3 ,2 .2). The t o t a l  r e s i s t a n c e  o f  th e  c i r c u i t  i n  f i g u r e  3.2.1 
i s ,  in  genera l,  given by
Ry = 16.5R 4- R y  (3.2.7)
3.2.1(g) Maxiiaumi. ,lo,ad^_eslg_t_anoe
I f  l i n e a r i t y ,  L, i s  t o  be m a in ta in e d ,  th e  lo a d  r e s i s t a n c e ,  Rj ,^ cannot 
exceed a c e r ta in  value, given by equation (A3.11.3) as
% max " ^*^n min'^^a max* (3.2.8)
w here  i s  th e  minimum l i k e l y  v o l t a g e  a c r o s s  th e  f i n a l  s t a g e ,  to
ground ( f i g u r e  3.2 .4).
3.2.1(h) F ina l s tag e  c a o a o i t o r s
Capacitors on the  f i n a l  s tages  help  to  m ain ta in  l i n e a r i t y ,  as explained in  
append ix  A3.12. The f i n a l  s t a g e  c a p a c i ta n c e  v a lu e  i s  chosen  to  rem a in  
w ith in  the  l i m i t s  s e t  by in e q u a l i t i e s  (A3.12.4) and (A3.12.5), g iv ing
max'^^^n min^  ^ ^d ^ ^'^^c^max* (3*2.9)
where R  ^ i s  th e  c h a rg in g  v o l t a g e  f i x e d  i n  th e  d e t e r m in a t io n  o f  th e  t o t a l  
c i r c u i t  r e s i s t a n c e  (see  f i g u r e  3.2.3) and c i r c u i t  c o n f ig u r a t i o n .  In  
a p p ly in g  (3.2.9) i s  m axim ised  and th e  low er l i m i t  i s  on ly  a p p l i e d  as  a 
guard  on max* s i g n a l  l e v e l ,  t o  p r o t e c t  th e  l i n e a r i t y  r e q u i r e m e n t .  
The use  o f  d e -c o u p l in g  c a p a c i t o r s  a l lo w s  th e  peak p u ls e  c u r r e n t  to  f a r  
exceed th e  d i v i d e r  c u r r e n t  a s  lo n g  a s  th e  averag e  c u r r e n t  i s  much lo w e r .  
T h is  i s  d e s c r ib e d  by s i g n a l  vs  d i v i d e r  c u r r e n t  l i m i t s  i n  (A3.10.13) and 
(A3J0.14) which a re  expressed u s in g  (A3.7.2) and (A3.7.3), r e l a t i n g  p u ls e d  
to  average cu rren t va lues , to  give
Q 8 « l j  (3.2.10)
and
Q /fwhm a n o d e  »  %  (3.2.11)
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F ig u r e s .2.1 A m ain ly  r e s i s t i v e  d i v i d e r  c i r c u i t  c o n f i g u r a t i o n  f o r  a 1 li­
s tage  p ho tom ultip lie r  used in  the d e tec t io n  o f f a s t  pulses
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Figure 3.2,2 A d iv ide r  c i r c u i t  co n fig u ra t io n  fo r  a 14-stage pho to m u lt ip l ie r  
used in  the  d e te c t io n  of f a s t  pulses but w ith  the use of f i n a l  
s t a g e  z e n e r  v o l t a g e  s t a b i l i s a t i o n  to  a l lo w  o v e r a l l  g a in  
adjustment w h i ls t  m aintaining response l i n e a r i t y
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final s ta g e  charging Rc
F ig u re  3»2.3 R e-ch a rg in g  o f  th e  f i n a l  s t a g e  d e -c o u p l in g  c a p a c i t o r s ,  
in d ica ted  on a d iv id e r  c i r c u i t  layout Q I
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F ig u r e s .2,4 D e-co u p l in g  c a p a c i t o r s  and in c r e a s e d  v o l t a g e s  on th e  f i n a l  
s tages  of a p h o tom ultip lie r  d iv id e r  c i r c u i t
Table 3.2.1 Sumiary of Fhotonultiplier Operating Limits
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3.3 Cho.o_slng a Photomultiplier for DIAL
The aspec ts  of p h o to m u lt ip l ie r  s t ru c tu re  and opera tion  which are  ap p licab le  
to  v a r io u s  r e q u i r e m e n ts  a r e  d i s c u s s e d  i n  th e  m ain  i n  s e c t i o n  3.1. T h is  
s ec t io n  desc r ibes  the  s e le c t io n  of the p h o to m u lt ip l ie r  e sp e c ia l ly  fo r  the  
requirem ents of the  XeCl* excimer l a s e r  d i f f e r e n t i a l  absorp tion  l id a r ,
3 . 3 . 1  Window
The r a d ia t io n  to  be c o l le c te d ,  a t  the  XeCl* l a s e r  wavelength of around 308 
nm., n e ce ss i ta te d  a U.V t r a n s m i t t in g  window l ik e  those examples given in  
f ig u re  3.1.2, A tran sm iss io n  of a t  l e a s t  9055 was to  be expected.
3 .3 .2  P ho toca thode
According to  f ig u re  3.1*3 a considerab le  choice of photocathodes, i f  used 
w i th  a U.V window, g iv e  a lo w e r  w av e le n g th  r e s p o n se ,  a t  308 nm., w i th  a 
quantum e f f ic ie n cy  ranging between and 25%. However, the re  are  tubes 
w i th  h ig h  work f u n c t i o n  c a th o d e s ,  o f  CsTe o r  RbTe, w hich  have a re sp o n se  
c u t - o f f  a t  about 360 nm. Although the  quantum e ff ic ie n cy  i s  only about 1%, 
t h i s  p a r t i a l l y  s o l a r  b l i n d  f e a t u r e  ( s o l a r  r a d i a t i o n  e x te n d s  down to  310 
nm.; s e c t io n  3 .6 ) i s  used w ith  a narrow band f i l t e r  and i r i s  to  cut out the 
background ra d ia t io n  which would o therw ise  i n t e r f e r e  w ith  l i d a r  opera tion  
i n  d a y l i g h t .  Another u s e f u l  p ro p e r ty  o f  t h i s  ty p e  o f  ca th o d e  i s  th e  low 
le v e l  em ission of therm al e lec tro n s ,  so th a t  a ty p ic a l  dark cu rren t  i s  much 
l e s s  than  1 nA, thus avoiding the  necess ity  of cooling the  tube. A c i r c u la r  
cathode shape i s  more e f f i c i e n t l y  employed a t  the  fo ca l  plane of the  l i d a r  
te lescope , supporting the  choice of the  head-on, ra th e r  than the  side-on, 
type of photocathode.
3.3.3 Dynodes_and M u lt ip l ie r ,  S tru c tu re
The c h o ice  o f  dynode m a t e r i a l  and c o n f i g u r a t i o n  i n f l u e n c e s  tu b e  g a in ,  
re sp o n se  t im e  and g a in  l i n e a r i t y .  The h igh  g a in  d e s i r e d  i n  m easu r in g  low 
l e v e l  l i d a r  s i g n a l s  from g r e a t e r  ra n g e s  o r  from h igh  a b s o r p t io n  volum es 
n e c e s s i ta te s  as many m u ltip ly ing  s tages  as possib le . There i s  a requirement 
f o r  h ig h  te m p o ra l  and t h e r e f o r e  h igh  s p a t i a l  r e s o l u t i o n  i n  d e f in in g  a 
sam ple  e lem en t i n  gas  c o n c e n t r a t i o n  m easurem ent. To th e s e  ends th e  most 
s u i ta b le  type of dynode s t ru c tu re  i s  the  f a s t  l i n e a r  focused, i l l u s t r a t e d  
i n  f i g u r e  3 .1 .6 ( 0 ). The dynode m a t e r i a l  i t s e l f  i s  chosen  a cc o rd in g  to  
l i n e a r i t y ,  a f a c to r  which i s  im portan t in  DIAL where the  concen tra tion  i s  
c a lc u la te d  from the  d if fe ren c e  between s ig n a ls  o f  d i f f e r e n t  in te n s i ty .  I t  
i s  fo r  t h i s  reason th a t  BeCu dynodes are  p re fe rred  to  those of CsSb.
3 . 3 . 4  Tube_Cho_l.ce
The products of th ree  m anufacturers were considered; a l l  end window types 
w ith  f a s t ,  l i n e a r  focused m u l t ip l i e r  s t ru c tu re .  These a re  l i s t e d  in  ta b le  
3 . 3 . 1 . The EMI G26H314LF was s e l e c t e d  i n  p re f e r e n c e  to  th e  o th e r s  on th e  
g rounds  o f  h ig h e r  g a in ,  f a s t e r  r e sp o n se  and g r e a t e r  ca th o d e  a re a .  The 
s p e c i f ic a t io n  of t h i s  tube i s  given in  ta b le  3.3*2.
Table 3.3.1 Hiotcmultipliers suitable fer DIAL
FMI G35H314LF Solar bUM, special U.V
Hamamatsu R 821 Solar blind
RCA C 70128
Table 3.3.2 %iecification of the EMI G26H31%F P-M
Spectral Response 110 nn to 360 rm
Cathode material CSTe
Windcw material FgFg
Cathode quantum efficiency 
@ 180 to 220 im (pealc) 15%
§ 300 nn 1.3%
@ 350 m  0.25%
Gain at 13^ volts 10^
Gain a t 1605 volts 10^
rynode structure 14 stage, linear focused
Rise time 2.2 ns
Pulse xd.dth (fWhra) 3.4 m
3.4 Theory, Applied, to  Operating the  _ .EMT._.G26H_314LF__
The d i v i d e r  c i r c u i t  i s  d e s ig n e d  u s in g  th e  summary i n  s u b - s e c t i o n  3*2.1, 
tak ing  each f a c to r  fo r  evalua tion . The opera ting  l i m i t s  on app lied  vo ltages  
and a c c e p ta b le  s i g n a l  l e v e l s  ( i n  te rm s  o f  th e  anode s i g n a l )  a re  d e f in e d .  
The ga in  equation (3*1*2) of su b -sec tio n  3*1*3 i s  applied,
3*4.1 D ivider Cirouit__Design,.and_DefJ._nition of_the Operating_Llmlts 
3 .4 .1 (a) Fatigue_and_j3pac-e-charge_ l im i t a t i o n
The abso lu te  maximum average values  ( in  a 30 second period) of cathode and 
anode cu rre n ts  quoted by EMI are
k  max = 5 nA, 
h  max = 200 j.A.
The anode l im i t a t i o n  i s  reached i f  the  maximum cathode cu rren t i s  am p lif ied  
by only 4 X 10^ tim es, loxver than the  expected minimum op e ra tio n a l ga in  of 
10^, Thus, th e  l i m i t  on s i g n a l  l e v e l  i s  im posed by th e  anode c u r r e n t .  The 
l i m i t  on the anode cu rren t under opera ting  conditions  i s  kept to  1/100 of 
th e  f a t i g u e  l i m i t  so t h a t  th e  c h a r g e / r e p e t i t i o n  r a t e  p ro d u c t  g iv e n  by 
e q u a t io n  (3*2.2) i s
Qg8 < 2 yuA. (3.4,3)
3.4.1(b) Maximum o v e ra l l  v o l t a g e
The manufacturer in d ic a te s  a maximum o f 3000 v o l t s  o v e ra l l  and a ty p ic a l  
vo ltage  o f 2300 volts* Hox-rever, experience of a f te r -p u ls e s  w ith  another EMI 
f a s t  l i n e a r  focused tube (9594 QÜB) suggested th a t  i t  should be kept below 
1800 v o l t s .  The ga in  of the  supplied  p h o to m u lt ip l ie r  if as sp ec if ie d  a t  1600
v o l t s  o v e ra l l .
3 . 4 o1(c) _C_at_hO-d_e-to-flr_3_t-dynode voltage
The c a t h o d e - t o - f l r s t - d y node v o l t a g e  ( s t a b i l i s e d  by z e n e r  d i o d e s )  
recommended by EMI i s
^k-d1 ” 300 v o l t s .  (3 .4 .4 )
3.4.1(d) Final__s_tage v o l t a g e s
The f o u r  f i n a l  s ta g e  v o l t a g e s  a r e  e l e v a t e d  by h ig h e r  r e s i s t a n c e s  1.25R, 
1.5R, 1.75R and 3R r e s p e c t i v e l y  ( f i g u r e s  3.2,1 and 3.2.4). The v a lu e  o f  R 
i s  defined by the t o t a l  r e s i s ta n c e  in  3.1.4(f).
3.4.1(e) F irst-to-second^dvjiode ,divlder_r_esis_tanc_e
EMI recommend a vo ltage  minimum, V.| of 100 v o l ts  between the f i r s t  and
second dynode. The a p p r o p r i a t e  r e s i s t a n c e ,  R^  i s  s e t  by u s in g  e q u a t io n  
(3.2.5) w i th  e q u a t io n s  (3 .4 .4) and (3 .4 .6 ) ,  below to  g iv e
R-, = 1.83R. (3 .4 .5 )
3 .4 .1 (f)  T o ta l  d iv id e r  c i r c u i t  resistance,,and  r e s i s to r ,v a lu e s  
The t o t a l  d i v i d e r  r e s i s t a n c e  l i m i t s  a r e  g iv en  by (3 .2 .6). EMI q u o te  g a in  
f ig u re s  fo r  the  tube as 10^ a t  1326 v o l t s  and 10^ a t  1605 v o l ts .  Therefore 
the  o v e ra l l  v o ltage  minimum i s  s e t  by
Vq min = 1300 v o l t s .  (3.4.6)
The r e s i s t i v e  vo ltage  minimum, by equation (3.1.1) fo r  = 300 v o l t s ,  i s
rain “ 1000 volts, (3.4.7)
The abso lu te  vo ltage  maximum i s  s e t  by the  m anufacturers handbook a t
Vq max = 2300 v o l t s ,  (3 .4 ,8 )
g iving
Vp = 2000 v o l t s ,  (3 .4 .9 )
C i r c u i t  components a re  d e f in e d  u s in g  th e  i n f o r m a t io n  o u t l i n e d .  For 
compactness, 1/2 xfatt r e s i s t o r s  a re  the  most su i ta b le .  This assumes th a t  
1/2  w a t t  i s  d i s s i p a t e d ,  on a v e ra g e ,  v i a  each o f  nj  ^ = 14 r e s i s t o r s .  The 
s i g n a l  l i m i t a t i o n ,  (Qa^^max* i s  g iv e n  by e q u a t io n  (3 .4 .3) . L i n e a r i t y  i s  
r e s t r a i n e d  to  w i t h i n  1%. With th e s e  v a lu e s  e q u a t io n  (3.2 .6) g iv e s  th e  
bounds on t o t a l  r e s i s ta n c e  as
1.14M < Ry < 5Mjn, (3.4.10)
Bearing in  mind th a t  the  lower l i m i t  i s  s e t  by the  power r e s t r i c t i o n  fo r  a 
maximum voltage  which i s  not l ik e ly  to  be app lied  i t  was advantageous from 
a l i n e a r i t y  po in t of view to  s e t  the  r e s i s t o r  chain  a t  the  value
R  ^ = 1.14MJL. (3 .4 .11)
The t o t a l  re s is ta n c e  of the  d iv id e r  c i r c u i t  i n  f ig u re  3.2.1 i s  expressed by 
equation  (3.2,7) which, combined w ith  equation (3.4.5) g ives
= l8.33Rj%. (3.4.12)
Applying a t o t a l  re s is ta n c e  of 1,l4Mivto th i s ,  gives
R = 62kii. j ( 3 *4 . 13)
a l lo w in g  each  r e s i s t o r  to  be s e t  to  th e  s ta n d a rd  v a lu e s  c l o s e s t  to  t h a t  
i n d i c a t e d  i n  f i g u r e  3*2.1, The d i v i d e r  c i r c u i t ,  w i th  component v a lu e s ,  i s  
i l l u s t r a t e d  i n  f i g u r e  3.4,1. The t o t a l  r e s i s t a n c e  i s  noxf 1.135Mii. R^  i s  
evaluated according to  (3.4,13) and (3.4.5) to  give the  neares t s tandard a t
R^  2 l lO k /i .  (3*4.14)
The r e s i s t o r s  a c r o s s  th e  z e n e r s  a re  s e t  to  drop a v o l t a g e  which i s  a few 
percent g re a te r  than the  300 v o l t s .
3 . 4 . 1 (g) MaxiJTium^o.ad_Resls.tAnce.
E q u a tio n  (3,2.8) i s  used  to  d e f in e  th e  maximum lo a d  r e s i s t a n c e  i f  a 
l i n e a r i t y  o f  1% i s  n o t to  be exceeded . The f i n a l  s t a g e  v o l t a g e ,  min» 
shown i n  f i g u r e  3,2,4 , i s  d e f in e d  by c i r c u i t  r e s i s t a n c e s  and th e  minimum 
vo ltage  to  give
’'n  min = Min3H/18.33R. (3.4.15)
T h is  i s  used  i n  (3*2.8) w i th  v a lu e s  from (3*4.2) and (3*4,7) to  g iv e
\  max = (3 .4 .16)
3*4.1(h) F in a l  Stage Capacitances
Capacitance va lues  on the  f i n a l  s tages  are  maximised to  m ain ta in  l i n e a r i t y  
a t  h ig h  p u ls e d  l e v e l s .  The upper l i m i t  i s  s e t  i n  (3*2.9) by th e  r e s i s t i v e  
chain and the  maximum pulse r e p e t i t i o n  ra te .  The maximum pulse r e p e t i t i o n  
r a te  i s  l im i te d  in  l a s e r  o p e ra t io n  and i s  given by
Sj^ax = 2 0  ppso (3 .4 .1 7 )
In the  c i r c u i t  in  f ig u re  3.4.1 the  four c ap ac ito rs  each charge through the 
r e s i s t a n c e s  making up as  g iv e n  i n  th e  t a b l e  3.4.1 which l i s t s  th e  
re sp ec tiv e  upper l i m i t s  on each capacitance. This s e t s  a l l  four f in a l  s tage  
c ap ac ito rs  a t
C  ^ = 47 nF. (3 .4 .18)
T h is  v a lu e  o f  c a p a c i t a n c e ,  a p p l i e d  i n  th e  lo w e r  l i m i t  o f  (3 .2 .9) , u s in g
(3.4.15) f o r  Vj  ^ niin* G ives th e  maximum anode charge  p u l s e ,  l i m i t e d  by th e  
1% l i n e a r i t y  requirement to
^a max " 7*69 X 10“® coulombs, (3.4.19)
I f  th e  p ro d u c t  (Qa^)max i® ^'o^^ied from (3.4.19) w i th  (3.4.17) th e n  a v a lu e  
o f  1.54 yjiA i s  o b ta in e d  a s  th e  maximum a l lo w ed  c h a r g e / r e p e t i t i o n  r a t e  
product, f a l l i n g  w i th in  the  f a t ig u e  l im i t  defined by (3.4.3).
3 .4 .1 ( i )  C i r c u i t  C onstruction
The c i r c u i t  i n  f i g u r e  3.4.1 was c o n s t r u c te d  and housed i n  a s h i e l d e d  box 
w ith  connections to  the  p h o to m u lt ip l ie r  v ia  a D-plug, providing a t o t a l l y  
sh ie lded  assembly and the  op tion  of changing the  c i r c u i t  w ithout d is tu rb in g
the  tube. The vo ltages  expected and measured between p h o to m u lt ip l ie r  s tages  
a r e  l i s t e d  i n  t a b l e  3 .4.2 , i n c lu d in g  th e  c o r re sp o n d in g  p in  and D-plug 
numbers. The load r e s i s t o r  i s  mounted w ith in  a fuse holder, a llow ing i t  to  
be changed a t  w i l l  (as  long  a s  th e  v a lu e  i s  k ep t  w ith im  l i m i t s  s e t  by
(3 .4 .1 6 ) .
3.4.2 Gain_J!Quations_ I s o c t lo n  3.1 ._3)_Jlpplied
Equation (3.1.2) fo r  ga in  i s  app lied  to  the EMI G26H314LF p h o to m u lt ip l ie r  
and the  d iv id e r  c i r c u i t  r e s is ta n c e s  shown in  f ig u re  3.4.1. Equation (3.1.2) 
g ives
G = f . (V 1 . . . .  R ^ / ^  )^ , (3 .4 .20)
where Vp i s  given by the  o v e ra l l  vo ltage  and the  zener vo ltage  in  equation  
(3 .1 .1 ) ,  r e - w r i t t e n  as
= ’ o -  Vzk' (3.4.21)
where (3 .4.4) g iv e s  th e  v a lu e  o f  The c o n s t a n t s  A and B a re  found by
s im u l ta n e o u s  e q u a t io n s  o f  (3.4.20) s e t  up from the  s p e c i f i c a t io n  supplied  
w ith  the  tube, EMI quote a g a in  o f  10^ a t  an o v e ra l l  vo ltage  o f  1326 v o l t s  
and a g a in  o f  10® a t  an o v e r a l l  v o l t a g e  o f  1605 v o l t s .  Thus (3,4.20) 
becomes
10 .^ = f ,A l^(9 .595 X 1025)Bp (3.4.20a)
and
10® = f ,A l^ (2 . l8 8  X 1o2?)B. (3 .4 .20b)
Equations (3.4,20a) and (3.4,20b) give
f1 /14&  5 0 . 0 9 7 8  ( 3 . 4 . 2 2 )
and
B 2 0 . 7 3 6 5 ,  ( 3 . 4 , 2 3 )
The ga in  equation  fo r  the  p h o to m u lt ip l ie r  and constructed  c i r c u i t ,  allow ing 
fo r  v a r ia b le  vo ltage , i s  g iven by
G = 7.324 X 10"1^[6.872 X 10” 1^(Vq -  300)13]0,7365^ (3 .4 .24)
The g a in  i s  p l o t t e d  f o r  o v e r a l l  v o l t a g e  i n  f i g u r e  3.4.2,
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F ig u re  3.4,2 G a in /v o l ta g e  c h a r a c t e r i s t i c  (expected) in  the  EMI
G26H314LF p h o to m u lt ip l ie r  using the  d iv id e r  c i r c u i t  of 
f ig u re  3 .4 .1
Table 3*4.1 Mædmm final stage capacitance values set ty the 
linearity requirement at hî#i current pulses
Stage Divider Stage 
Resistance, ly(ka) ChargingResistance,
ffeximuni
to earth 186 0.949 52.7
^13 ^  ^14 110 1.025 48.8
di2 to d^2 93 1.042 48.0
d^  ^ to d^2 78 1.037 47*3
Table 3*4.2 Rx3tanultiplier Divider Circuit Voltages
Resistance Voltages § 1300/1600 V
Stage Rlns D-plug ncm. meas. calculated measured
1300 1600 1300 1600
k-d^ 19-2 2-4 Zener 300 300 299 301
^1”^ 2 2-16 4=6 120 122 107 139 106 138
d2»*dii(9) 16-7 6-22 558 553 485 630 476 619
^11*^12 7-11 22-20 75 75.5 66 86 65 85
^12”^13 11-8 20-18 91 93.5 82 1C7 81 105
^13“^14 8-10 18-16 120 117.6 103 134 102 132
d-m~earth 10-earth 16-earth 180 180.8 158 206 156 203
3-5 Housing and Shielding
The m ounting  o f  th e  p h o t o m u l t i p l i e r  and th e  way i n  w hich i t  i s  s h ie l d e d  
f ro m  e x t e r n a l  n o i s e  i s  d e s c r i b e d .  The o b j e c t  w as t o  m ount t h e  
p h o t o m u l t i p l i e r  i n  a l i g h t - t i g h t  u n i t  which p ro v id ed  s h i e l d i n g  from r . f  
r a d i a t i o n ,  a c o o l in g  f a c i l i t y ,  f i l t e r  and i r i s  m ounting  and easy  d i v i d e r  
c i r c u i t  a c c e s s  f o r  s e r v i c i n g  and a l t e r a t i o n .  The re a so n s  f o r  em ploying  a 
f i l t e r  and i r i s  a re  c o n ta in e d  w i t h i n  s e c t i o n  3-6, F ig u re  3*5.1 i s  a 
s e c t io n a l  schematic showing the  layou t of the  f i n a l  d e tec to r  u n it .
The g raph ite -coa ted  envelope of the  p h o to m u lt ip l ie r  i s  connected to  r a i s e  
i t  to  c a th o d e  p o t e n t i a l  to  p re v e n t  i n t e r n a l  v a r i a b l e  background from 
elec tro - lum inescence .
The p h o t o m u l t i p l i e r  i s  su rro u n d ed  by a grounded c y l i n d r i c a l  s h i e l d  
contained w i th in  another grounded housing of heavy gauge b rass ,  w ith  the 
ends c lo se d  o f f  by a p l a t e  c o n ta in in g  th e  e x t e r n a l  c o n n e c t io n  and by a 
c l o s e - f i t t i n g  mount h o ld in g  th e  f i l t e r .  T h is  a r ra n g em en t  e n c lo s e s  and 
screens the  d e tec to r ,  except fo r  where the f i l t e r  i s  placed, and allow s an 
e x t e r n a l  d i v i d e r  c i r c u i t  to  be p lugged i n  a t  th e  fe m a le  sc re e n e d  D-plug 
connector. The d iv id e r  c i r c u i t ,  described  in  previous sec t io n s ,  designed in  
t h i s  work f o r  th e  l i d a r  a p p l i c a t i o n ,  i s  mounted w i t h i n  a s m a l l  s c r e e n  
e n c lo s u re  f i t t e d  w i th  th e  m ale  D -plug c o n n e c to r  f o r  th e  p h o t o m u l t i p l i e r  
su pp ly  and w i th  th e  H.V in p u t  and s i g n a l  o u tp u t  s o c k e t s .  T h is  f e a t u r e  o f  
d i v i d e r  c i r c u i t  c o n f i g u r a t i o n  i s o l a t e s  the  d e tec to r  from c i r c u i t  heating  
and p e r m i t s  c i r c u i t  i n t e r c h a n g e a b i l i t y  f o r  any change i n  d e t e c t i o n  mode 
(eg, DC d e tec tion )  and a llow s easy serv ic ing .
The cooling f a c i l i t y  was included in  the  apparatus to  reduce dark cu rren t
a r i s in g  from thermal em ission of e lec tro n s  from the  photo-cathode. In  the 
end the p recau tion  was unnecessary due to  the  vanish ingly  sm all anode dark 
c u r r e n t  i n  th e  chosen tu b e ,  s t a t e d  by th e  m a n u fa c tu re r  to  be 4 X 10“ ^^ A 
( s p e c i f i c a t i o n ,  t a b l e  3 .2.2). However, th e  o p t io n  e x i s t s  to  coo l th e  tu b e  
i f  th e  l i d a r  system  was o p e ra te d  i n  a h o t  e n v iro n m en t,  a l lo w in g  th e  
tem perature  to  be maintained a t  around 15°C. Temperature s t a b i l i s a t i o n  in  
any ev en t  i s  im proved by b r a s s  b lo c k s  which a re  b razed  on to  th e  s c re e n  
casing. Cooling i s  by a th e rm o e le c tr ic  f r i g i s t o r  a rray , using the  P e l t i e r  
e f f e c t ,  whereby one s ide  i s  cooled and the  other s ide  i s  heated when a high 
c u r r e n t ,  t y p i c a l l y  15A to  20A, i s  passed  th ro u g h  th e  e le m e n ts .  Heat i s  
removed from th e  f r i g i s t o r  by a i r  c o o l in g ,  w i th  th e  o p t io n  o f  fa n  
a s s is ta n c e .
The a d ju s tab le  i r i s  i s  pos it ioned  j u s t  ou ts ide  the  f i l t e r ,  g iv ing  co n tro l  
over the  ex ten t  of the  de tec ted  received  f ie ld .  The e n t i r e  d e tec to r  u n i t  I s  
s e c u re d  to  a fram e w hich i s  a d j u s t a b l e  on th e  t e l e s c o p e  to  p e rm i t  
coincidence of the  photocathode w ith  the  te lescope  fo ca l  plane region. The 
p o s i t io n  of the  photocathode w ith  respec t to  the te lescope  o p t ic a l  ax is  i s  
d e te rm in e d  by f i e l d  o f  view and image s i z e  l i m i t a t i o n s ,  d e s c r ib e d  i n  
chapter 2, on the  te lescope  dimensions.
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F ig u re  3.5.1 S chem atic  o f  th e  p h o t o m u l t i p l i e r  i n  i t s  sc ree n edhousing, showing the p o s i t ion ing  of the d iv id e r  c i r c u i t
3.6 Solar Baokground,Pr_eoau_tlQna
In measuring the  low l i g h t  le v e l s  of a I ld a r  re tu rn  s ig n a l  any background 
i n t e r f e r e n c e  i s  to  be av o ided . The s o l a r  r a d i a t i o n ,  s c a t t e r e d  or d i r e c t ,  
reaching the  ground can presen t a problem in  l i d a r  d e te c t io n  n e c e s s i ta t in g  
th e  use  o f  a narrow band f i l t e r  c e n t r e d  on th e  d e te c te d  w a v e len g th .  
E xperim en ts  a t  th e  n i t r o g e n  l a s e r  w av e len g th  o f  337.1 nm s u f f e r e d  from 
background problems. The s e le c t io n  of a near s o la r  b lind  p h o to m u lt ip l ie r  
fo r  t h i s  work e lim in a ted  any background from 360 nm to  higher wavelengths. 
Before s e le c t in g  the  f i l t e r  an experiment was performed to  take a spectrum 
of s c a t te re d  s o la r  r a d ia t io n  a t  ground le v e l  to  f in d  the  wavlength c u t -o f f  
by ozone absorp tion  in  r e l a t i o n  to  the  l i d a r  opera ting  wavelengths around 
308 nm. T h is  ex p e r im en t  and th e  narrow band i n t e r f e r e n c e  f i l t e r  i s  
described in  t h i s  sec tion ,
3.6.1 Solar__Speotrum a t  Ground Level
A spec trum  o f  s c a t t e r e d  d a y l ig h t  was re c o rd e d  w i th  a C ar l  Z e is s  Q2A 
Spectrograph possessing a range c a p a b i l i ty  of 200 to  570 nm, although the  
reg ion  of i n t e r e s t  i s  300 to  400 nm. The Carl Zeiss G11 M icrodensitometer 
and G1 B1 Po ten tiom etr ic  Recorder were used in  combination to  make a p lo t  
o f  th e  p l a t e  d e n s i ty  w i th  r e s p e c t  to  w a v e le n g th ,  p a r t  o f  which i s  
rep ro d u ced  i n  f i g u r e  3 .6 .1 (a) .  Q u a n t i t a t i v e  c a l i b r a t i o n  f o r  a tm o s p h e r ic  
tran sm iss io n  would have been unnecessarily  ted ious i n  an in v e s t ig a t io n  to  
c e r t i f y  m ere ly  th e  e x i s t e n c e  o f  c e r t a i n  w a v e le n g th s  a t  ground l e v e l .  
However, f i g u r e  3 .6.1(b) i s  a more u s e f u l  g u id e ,  hav ing  been d e r iv e d  from 
f ig u re  3.6.1(a) by applying a lo g a r i th m ic  c o rre c t io n  to  the  o rd in a te  ax is ,  
j u s t i f i e d  by the expected lo g a r i th m ic  c o r re la t io n  between the density  of 
the  developed spectrogram and the  le v e l  of in c id en t  ra d ia t io n .  The spectrum 
shows a b s o r p t io n  due to  th e  Huggins and H a r t le y  bands o f  e l e c t r o n i c
t r a n s i t i o n s  i n  ozone w ith  some f in e r  s t ru c tu re  from the  v ib r a t io n - r o ta t io n  
bands (Kondratyev, Radiation in  the  Atmosphere, 1969). The t ra c e  proves the 
presence of r a d ia t io n  a t  337*1 nm but a t  308 nm on the edge of the  Hartley 
band (Uchino e t  a l ,  1979) i t  shows none, u n le s s  o b scu red  by n o is e .  T h is  
ozone absorp tion  i s  very h e lp fu l  in  reducing background in  the  XeCl* l a s e r  
DIAL system but i t  r e s t r i c t s  a p p l ic a t io n  to  l i d a r  range he igh ts  below about 
10 km where the  ozone la y e r  s t a r t s  to  bu ild  up to  i t s  maximum a t  about 22 
km (Green, 1964). At these  a l t i t u d e s  the  absorp tion  c ross  sec t io n  near 308 
nm i s  o f  the  same magnitude as th a t  fo r  SOg (Houghton, 1977, The Physios of 
Atmospheres).
3 .6 .2  HarTow-band F i I t e r
A f i l t e r  i s  requ ired  a t  the  d e tec to r  to  e l im in a te  background r a d ia t io n  from 
around 308 nm to  the  s o la r  b lin d  p h o to m u lt ip l ie r  c u t -o f f  around 360 nm. The 
i d e a l  p a ss -b an d  o f  a f i l t e r  i s  a s  narrow  as p o s s i b l e  bu t b road  enough to  
allow passage of the  XeCl l a s e r  spectrum, w ith  peaks a t  307.92 and 308.17 
nm, w i th  low lo s s .  A narrow  band f i l t e r ,  c e n t r e d  on 308.05 nm, w i th  a 0.3 
nm fwhra, would have been i d e a l  bu t c o s t l y  a s  a custom  made component. In  
view of the  low background le v e l  around 308 nm (see f ig u re  3.6.1(b)) a much 
cheaper, "off the  she lf" ,  Corion Corp. (Laser Lines) f i l t e r  w ith  a fwhm of 
10 nm, c e n t r e d  a t  th e  z in c  l i n e  a t  307.1 nm, i s  q u i t e  ad eq u a te ,  A peak 
tran sm iss io n  of 20/6 i s  g re a te r  than  th a t  of a f i l t e r  of narrower bandwidth.
F ig u re  3.6.2 shows th e  passband  o f  th e  s e l e c t e d  f i l t e r .  F ig u re  3.6.3 i s  an 
i n t e r p r e t a t i o n  o f  th e  s o l a r  sp ec tru m  from th e  c o r r e c t e d  t r a c e  o f  f i g u r e  
3 .6 .1 (b), drawn on th e  same w a v e len g th  s c a l e  as  f i g u r e  3*6.2. F ig u re  3.6.4 
i s  o f  th e  s o l a r  r a d i a t i o n  e x p ec te d  to  be passed  by th e  f i l t e r ,  peak ing  
around 312 nm. This i s  passed a t  the  s ide  of the  f i l t e r  pass-band so th a t ,  
o c c u r in g  w here s o l a r  r a d i a t i o n  i s  a t  a low l e v e l  ( f i g u r e  3 .6 .1 (b )) ,  th e
background de tec ted  by the  p h o to m u lt ip l ie r  i s  expected to  be low. This i s
co n f irm ed  by a l i d a r  e x p e r im e n t  w i th  th e  XeCl* l a s e r  system  ( c h a p te r  8)
where no background was measurcable.
In a ssess in g  the  s u i ta b le  a p p l ic a t io n  of the  z inc l in e  f i l t e r  i t  was u se fu l  
to  in v e s t ig a te  the  e f f e c t  of a cone of convergence a t  the  te lescope  focus 
on s h i f t i n g  th e  peak o f  t r a n s m i s s i o n  to  low er w avelength* th e  s h i f t  i s  
described by the  expression  (O riel f i l t e r  catalogue)
X^/ Xq = [1 -  ( 1 /2 ) ( n g /n * ) ^ s in ^ ( t a n “ ^(1/2f!))]y (3.6.1)
where and are  the  o r ig in a l  and lower peak wavelengths re s p e c t iv e ly ,  
n^ and n* a re  th e  r e f r a c t i v e  i n d i c e s  o f th e  env iro n m en t and th e  f i l t e r  
s u b s t r a te  re sp ec t iv e ly  and f ; i s  the  fo ca l r a t i o  of the  n o n -p a ra l le l  beam. 
For the  f ;5  foca l r a t i o  of the  DIAL te lescope  and a su b s t ra te  index o f 1.45 
th e  s h i f t  o f  th e  peak from 307.1 nm i s  by 0.24%, a s h i f t  to  lo w e r
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F ig u re s .6 .1 (b) M ic r o - d e n s i to m e te r  t r a c e  o f  f i g u r e  3 ,6 .1(a) a d ju s t e d  in  
the  o rd in a te  f o r  in te n s i ty  to  give a more r e a l i s t i c  
e s t im ate  o f  r e l a t i v e  s p e c t ra l  atmospheric tran sm iss io n  
o fso la r  r a d ia t io n  to  ground l e v e l
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Figure 3 ,6 ,2  Passband o f  the  z inc  l in e  narrow band f i l t e r  a t  307 nm ( e s t . )
Figure 3 .6 ,3  Solar spectrum in  the  reg ion  of 308 nm (from f ig u re  3 , 6 , 1(b))
Figure 3 .6 ,4  The p o r t io n  of the  s o la r  spectrum passed by the z inc  l in e  f i l t e r
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Chapter 4 The XeCl^ Exoimer Laser
A XeCl^ exoimer l a s e r  was designed fo r  the DIAL system. The l a s e r  system i s  
shown, in s t a l l e d  in  the  l i d a r  t ra n s m it / re c e iv e  head, in  f ig u re s  4.1.2, The 
sec t io n s  below in troduce  th i s  type o f  l a s e r  and describe  the development of 
t h i s  l i d a r  la s e r ,
4.1 A B rie f  Review of Exoimer Lasers
T his  s h o r t  a cco u n t o f  th e  exo im er l a s e r  i n d i c a t e s  i t s  f u n c t io n  and i t s  
h i s t o r y .  The f i n a l  p a ra g rap h  o f t h i s  s e c t i o n  o u t l i n e s  th e  developm ent of 
the  type over a period o f  th ree  years  up to  the  form of the  Xenon Chloride 
l a s e r  upon which t h i s  l i d a r  l a s e r  i s  based.
Once formed, an exoimer molecule possesses a bound upper s ta t e  and a weakly 
bound ground s t a t e .  The l a t t e r  d i s s o c i a t e s  ve ry  r a p i d l y ,  a s s i s t i n g  th e  
m a in te n an c e  o f  p o p u la t io n  i n v e r s i o n  under l a s e r  conditions  during a high 
r a t e  o f  sp o n tan eo u s  e m is s io n ,  A p a r t i c u l a r  type  o f  exo im er m o lecu le  i s  
formed between some r a r e  gases and mono-halides, providing a la s in g  medium 
f o r  p u lsed  u l t r a - v i o l e t  r a d i a t i o n  up to  m egaw att l e v e l s ,  L as ing  i s  more 
l i k e l y  and i s  s t r o n g e r  w i th  a c o m b in a tio n  o f  th e  h e a v ie r  r a r e  gas  and 
l i g h t e r  halogens. Table 4,1,1 l i s t s  the known major la s in g  wavelengths fo r  
r a r e  g a s /h a lo g e n  e x c im e rs .  F ig u re  4.1,1 shows a l l  th e  main exo im er 
wavelengths w ith  an a r b i t r a r y  o rd in a te  to  in d ic a te  the r e l a t i v e  ob ta inab le  
peak powers.
Exoimer m o le c u le s  a re  form ed by e x c i t i n g  a m ix tu re  o f  th e  r a r e  gas  and 
h a lo g en  donor, d i l u t e d  by a b u f f e r  gas  such a s  he lium  o r  a rg o n  to  a 
p ressure  of up to  sev e ra l  atmospheres* The e x c i ta t io n ,  by e le c tro n  beam or 
tran sv e rse  e l e c t r i c  d ischarge, forms exc ited  s t a t e s  and ions of the  ra re  
g as .  The exo im er i s  th e n  form ed by e i t h e r  th e  "harpooning^ r e a c t i o n  
involving the  ra re  gas ex c ited  s t a t e  in
or by d is so c ia t iv e  a ttachm ent of e lec tro n s  to the  halogen in
2e“ 4 2MX 2X" 4- Mg, (4,1.2)
followed by th ree  body io n ic  recombination
2R+ 4. 2X“ t  M g - ^  2RX  ^ + Mg. (4,1.3)
The p o s s i b i l i t y  o f  r a r e  g a s / h a l i d e  l a s e r s  was su g g es te d  by V e lasco  and 
S e t s e r  a t  th e  b e g in n in g  o f  1975® By th e  m id d le  o f t h a t  y e a r  S e a r l e s  and 
H art  (1975) had r e p o r te d  th e  f i r s t  r a d i a t i o n  i n  an e l e c t r o n  beam pumped 
XeBr mix. W ith in  a month Ewing and Brau (1975) d e s c r ib e d  l a s i n g  from a 
s im i la r ly  pumped XeCl l a s e r  using molecular ch lo rine  as the halogen donor. 
E lec tron  beam e x c i ta t io n  systems are  l a r fp  Mud expensive. The tran sv erse  
e l e c t r i c  d ischarge, a lready  w ell  developed fo r  COg la s e r s  was f i r s t  applied  
to  the exoimer by Burnham e t  a l  (1976) when they obtained XeF e x c i ta t io n ,  
reported  in  January 1976, The e l e c t r i c a l l y  discharged XeCl l a s e r ,  o f prime 
i n t e r e s t  i n  t h i s  p r o j e c t ,  came on to  th e  scene  i n  th e  l i t e r a t u r e  o f  1977
w ith  K udryavtsev  and Kuz'mina (1977) and Ishchenko  e t  a l  (1977), Burnham 
(1978) made s ig n i f ic a n t  improvement over Ishchenko on l a s e r  energy by using '
HCl as the  halogen donor in s te a d  of BClg, This, the best  choice of halogen 
donor ( to  d a te )  was c o n f irm ed  by a r e p o r t  o f  Sze and S c o t t  (1978) i n  th e  
l a t t e r  h a l f  of 1978.
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Figure 4 ,1 .1  Major exoimer la s in g  l in e s
Table 4 .1 .1  Major exoimer la s in g  wavelengths









Figure 4 .1 .2 (a )  and (b) The XeCl exoimer la s e r  i n s t a l l e d  in  the
l i d a r  t ra n sm it/rece iv e  head
Figure 4 .1 .2 (c )  The l a s e r  gas handling panel 
(d) The l a s e r  output coupler
i i
4.2 Reauir_ejnenfcjg_£Qr!_t.he DIAL Laser
The XeCl exo im er l a s e r  was chosen a s  th e  r a d i a t i o n  so u rc e  i n  DIAL 
m o n i to r in g  o f  80g on th e  b a s i s  o f  th e  l e t t e r ' s  a b s o r p t io n  c r o s s - s e c t i o n  
d i f f e r e n t i a l  be tw een  th e  w a v e le n g th s  o f  th e  two m ain l a s i n g  peak s , 
described  in  Chapter 1. The method of e x c i ta t io n  was l im i te d  p ra c t i c a l ly  to  
a tran sv erse  e l e c t r i c  d ischarge supplied  by a f a s t  c a p a c i ta t iv e  d ischarge 
c i r c u i t .  Space and w e ig h t  r e s t r i c t i o n  i n  a t r a n s c e i v e r  head f o r  m o b ile  
l i d a r  c a l led  fo r  a compact but w ell in su la ted  (fo r  sa fe ty )  la s e r  s t ru c tu re .  
The n e c e s sa ry  r e l i a b i l i t y  and s e r v i c e a b i l i t y  was o b ta in e d  th ro u g h  
s im p l ic i ty  in  s t ru c tu re ,  e l e c t r i c a l  systems and gas handling components.
The main l a s e r  requirem ent i s  a high pulse peak power, g iv ing  high received 
s i g n a l - t o - n o i s e - r a t i o ,  f o r  g r e a t e s t  l i d a r  ra n g e ,  t a r g e t  p e n e t r a t i o n  and 
b e s t  s e n s i t i v i t y  to  SOg. Thus th e  e l e c t r i c a l  c i r c u i t  r e q u i r e s  a low loop  
s iz e ,  low inductance d ischarge path fo r  optimum energy t r a n s fe r  e f f ic ie n cy .  
The n e c e s s i t y  f o r  r e l i a b i l i t y  and good p u ls e  to  p u ls e  r e p r o d u c e a b i l i t y  
meant a r e l a t i v e l y  low o p e r a t in g  v o l t a g e  to  red u ce  component s t r e s s  and 
in te r n a l  arcing. The h ighest po ss ib le  pulse r e p e t i t io n  r a te  i s  de s ireab le  
f o r  f a s t  s i g n a l  a v e r a g i n g  i n  DIAL o p e r a t i o n .  To t h i s  end  a g a s  
r e c i r c u l a t i o n  system  was c o n s id e re d .  However th e  r e p e t i t i o n  r a t e  i n  a 
s t a t i c  f i l l  has proved adequate. To reduce the weight and complexity of the 
m o b ile  system  th e  gas  sy s te m s  were s p l i t  be tw een a d e d ic a te d  l a b o r a t o r y  
based  r e f i l l  s t a t i o n  and th e  e s s e n t i a l  l a s e r  based h a n d l in g  equ ipm en t.  A 
s t a b l e  o p t i c a l  c a v i t y  was ado p ted  to  m in im ise  d i f f i c u l t i e s  i n  m i r r o r  
alignment. The m ir ro rs  themselves are  is o la te d  from the damaging gas mix by 
UV t ra n s m it t in g  windows, mounted a t  the  Brewster angle to  reduce r e f l e c t io n  
l o s s e s .  The co m p le te  l a s e r  i s  housed i n  a s h ie l d e d ,  e a r th e d  e n c lo s u r e  to  
reduce r . f  in te r fe re n c e  em itted  by the  discharge. Further noise reduc tion
precau tions  were taken in  f i l t e r i n g  leads  passing in  and out of the  l a s e r  
h ou s in g . To p re v e n t  p ic k -u p ,  e a r t h  lo o p s  a re  avo ided  i n  nearby  c i r c u i t s .  
Noise reduc tion  i s  d iscussed  in  chapter 7«
S e c t io n  4,3 o u t l i n e s  th e  m a t e r i a l s  c o n s id e re d  f o r  th e  l a s e r  sy s te m s .  
S e c t io n s  4,4 to  4,7 d e s c r ib e  th e  c o n s t r u c t i o n  o f  th e  l a s e r ,  fo l lo w e d  by 
sec t io n s  4.8 and 4,9 on i t s  opera tion  and s p e c if ic a t io n .  The f i n a l  sec t io n ,  
4,10 summarises problems and t h e i r  remedies.
T his  s e c t i o n  d e s c r ib e s  how v a r i o u s  m a t e r i a l s  w e re  c o n s i d e r e d  f o r  
f a b r ic a t io n  of the  l a s e r  and the  gas handling components. The cav ity  of the  
exoimer l a s e r  operated by tran sv e rse  e l e c t r i c  d ischarge con tains  m e ta l l ic  
conductors as e lec tro d es  and supply l in e s  w ith  the ad d it io n  of in s u la to r s  
a s  s t r u c t u r a l  p a r t s .  O ther p a r t s  o f  th e  l a s e r  a re  s e a l s ,  windows and gas  
handling components. I t  was necessary to  choose m a te r ia ls  w ith  regard  to  
th e  u se  o f  c o r r o s iv e  h y d r o c h lo r i c  a c id  gas (anhydrous) ,  h ig h  v o l t a g e  
(<25kV), h ig h  p r e s s u r e  (<4 a tm o sp h e re s  a b s o lu t e ) ,  and UV r a d i a t i o n .  Each 
system  component i s  t r e a t e d  i n  th e  s u b - s e c t i o n s  below w i th  a d i s c u s s i o n  
lead ing  to  de term ina tion  of a s u i ta b le  fa b r ic a t io n .
4.3.1
The s t r u c t u r a l  d e s ig n  o f  th e  c a v i t y  i s  e x p la in e d  i n  s e c t i o n  4.4. I t  was 
p o s s i b l e  to  c o n s t r u c t  th e  c a v i t y  i n  a s i n g l e  m a t e r i a l  o r  i n  a h y b r id  
c o n s t r u c t i o n  where an in n e r  l a y e r ,  r e s i l i e n t  to  th e  g a s ,  i s  c o n ta in e d  
w ith in  a p ressure  v esse l .  The necess ity  fo r  an in s u la to r  suggests the  use 
of g la sse s  and/or p la s t i c s .  However the d i f f i c u l t i e s  i n  engineering a g la ss  
fo r  vacuum sea lin g  and high p ressure  opera tion , plus the  l ik e l ih o o d  of acid  
a t t a c k ,  p o in te d  to w ard s  th e  s e l e c t i o n  o f  a s u i t a b l e  p l a s t i c ,  A range  o f  
e a s i l y  o b ta in a b le  p l a s t i c s  i s  l i s t e d  in  T ab le  4,3.1 which in c lu d e s  a 
com parison , where a v a i l a b l e ,  o f  c h em ica l  r e s i s t a n c e ,  e lo n g a t io n ,  y i e l d  
s t r e s s ,  r e a c t i o n  to  h ig h  v o l t a g e  s t r e s s  and r e a c t i o n  to  UV r a d i a t i o n .  
F u r th e r  f a c t o r s  a f f e c t i n g  th e  c h o ice  o f  a m a t e r i a l  a re  th e  expense and 
a v a i l a b i l i t y  i n  th e  d e s i r e d  form and d im ension . The r e s t  o f  t h i s  su b ­
s e c t i o n  i s  a d i s c u s s io n  o f  th e  c h o ice  o f  p l a s t i c s  c o n c lu d in g  w i th  th e  
se le c ted  ty p e .
ABS and p o ly p ro p y le n e ,  th e  l a t t e r  o b t a in a b l e  a s  gas  supp ly  p ip e ,  a re  
u n su itab le  s ince  they are  not r e s i l i e n t  to  a t ta c k  in  an ac id  environment. 
Nylon i s  r e a d i l y  a v a i l a b l e  bu t i t  becomes s t r e s s e d  and e m b r i t t l e d  n e a r  
r e g io n s  o f  h ig h  e l e c t r i c  s t r e s s  0 1 ,5  MV/ra), This  has been o b served  i n  a 
Nylon c a v i t y  c o n s t r u c te d  i n  t h i s  r e s e a r c h  group (D.W heatley), Cracks 
oourring near to  the discharge e lec tro d es  reduced the m a te r ia l  s t ren g th  and 
c r e a t e d  l e a k  p rob lem s . Nylon i s  s t i l l  u s e f u l  i f  used  away from h igh  
e l e c t r i c  s t r e s s  and w ith  minimal machining, PVC (PolyVinylChloride) i s  very 
easy  to  o b t a in  i n  a w ide range  o f  s i z e s  a s  tu b in g .  I t s  r e s i s t a n c e  to  
hydrochloric  acid  and i t ' s  s t re n g th  are  good enough fo r  use in  the  exoimer 
la se r .  However some doubt has been c a s t  (Chemistry Dept.,St.Andrews) as  to 
th e  s u i t a b i l i t y  o f  PVC under th e  e f f e c t s  o f  UV. r a d i a t i o n  which may 
produce, in  p h o to lys is ,  i n t e r  cav ity  contaminants, to  the degradation of 
th e  d i s c h a rg e .  PTFE (P o ly T e tra F lu o ro E th y le n e )  i s  a good c h o ice  i n  a h igh  
p u r i t y  l a s e r  system  due to  i t s  e x c e l l e n t  i n s u l a t i v e  p r o p e r t i e s  and 
r e s i s t a n c e  to  c h em ica l  a t t a c k .  I t  does , how ever flow  c o n s id e r a b ly  under 
p r e s s u r e  and can t h e r e f o r e  only  be used  i n  a long  term  system  i f  i t  i s  
su p p o r te d  by an o u te r  p r e s s u r e  v e s s e l .  The flow o f  a PTFE s l a b  to  th e  
ex ten t of p ressure  lo s s  has been observed over a period of th ree  days i n  a 
sandwich type cav ity  (se c t io n  4,4) constructed  w ith in  the  group, Po ly-T ri-  
Fluoro-Chloro-Ethylene has s im i la r  p ro p e r t ie s  to  PTFE, The most a t t r a c t i v e  
m a t e r i a l  f o r  t h e  X eC l*  l a s e r  c a v i t y  p r o v e d  t o  be PVDF 
(P o ly V in y l iD e n eF lu o r id e )  com bin ing  a l l  th e  d e s i r e d  physica l p ro p e r t ie s ,  
inc lud ing  easy machining. I t s  cos t  was s l i g h t ly  le s s  than fo r  PTFE but i t  
was not aS re a d i ly  av a i lab le .  A tube o f  PVDF was purchased fo r  fa b r ic a t io n  
of the  l a s e r  cavity .
4.3.2 Window. M ate r ia l
The w in d o w s  s i t u a t e d  a t  t h e  g a s  c a v i t y  en d s  m u s t  s a t i s f y  t h r e e
r e q u i r e m e n ts .  They must be s t r o n g  enough to  w i th s ta n d  o a v i ty  p r e s s u r e s ;  
th ey  must be r e s i s t a n t  to  th e  c o r r o s iv e  gas component w i th  no b loom ing; 
they must g ive good tran sm iss io n  of UV a t  308 nm.. The immediate options as 
to  g l a s s  ty p e  a r e  q u a r t z ,  S p e c t r o s i l  B, Calcium F lu o r id e  o r  Magnesium 
F lu o r id e .  Q uartz  and S p e c t r o s i l  B a re  l i a b l e  to  s u r f a c e  damage a f t e r  
exposure to  the  hydrochloric  ac id  in  the  gas mix. Other u se rs  in  the group 
have observed, a f t e r  exposure of the windows to the a i r ,  the form ation by 
hydra tion  of a contaminant on the  window surface. Calcium f lu o r id e  windows 
were chosen fo r  t h e i r  r e s is ta n c e  to  the  gas and fo r  optimum transm iss ion  of 
the  l a s e r  ra d ia t io n .
4,3.3 Electrode and Corona Wire M ate r ia ls
E l e c t r o d e s ,  s i t u a t e d  i n  th e  c o r r o s iv e  en v ironm en t may be o f  a lu m in iu m , 
s t a i n le s s  s t e e l  or monel, the  l a t t e r  being a n ickel/copper a lloy . Monel i s  
chosen  i n  a h igh  p u r i t y  system  w here t h e r e  i s  to  be a minimum r e l e a s e  o f  
gas contaminants by chemical ac tion . Components which are  made of monel and 
e x i s t  in  the presence of hydrochloric  acid  are not su b jec t  to  the weakening 
c o r r o s io n  t h a t  a t t a c k s  a l t e r n a t i v e  m a t e r i a l s .  Thus th e  a l l o y  i s  th e  b e s t  
choice fo r  s t re s se d  p a r ts .  The only apparent physica l drawback i s  noticed 
i n  sm all diameter monel tubes a f t e r  exposure to a i r  when a green s lim e of 
unknown c o m p o s i t io n  fo rm s on th e  s u r f a c e .  Another d is a d v a n ta g e  i s  th e  
r e l a t i v e  expense and u n a v a i l a b i l i ty  of the m a te r ia l  in  the  d es ired  form. 
Aluminium has a lready  been widely used as a m e ta l l ic  component w ith in  l a s e r  
c a v i t i e s  contain ing  HCl, A su rface  coating  of anhydrous aluminium ch lo ride  
forms, to  be hydrated to  a f in e  greasy f ilm  upon exposure to  the  m oisture  
i n  th e  a i r .  T h is  has  no t im p a i re d  l a s e r  p e rfo rm an ce  s in c e  th e  c a v i t y  
m a te r ia ls  a re  allowed to  p ass iv a te  in  an atmosphere of the  gas mix, thereby 
r e a c h in g  r e a c t i v e  e q u i l i b r iu m .  Aluminium i s  th e  c h e a p e s t  m e ta l ,  i t  i s  
e a s i l y  m achined and i t  was i n  s to c k  a t  th e  t im e  o f  c o n s t r u c t i o n .  Thus i t
was adopted fo r  the e lec tro d es  of the  XeCl la s e r .  S ta in le s s  s t e e l ,  a more 
e x p en s iv e  s u b s ta n c e ,  has no t been seen  to  have any ad v an tag e  a s  an 
e lec tro d e  m a te r ia l .
Corona w ire s  are  most su i ta b ly  of n ickel but s t a i n le s s  s t e e l  i s  cheaper and 
more re a d i ly  a v a ilab le .  F a s t e n ! can be of aluminium or s t a i n le s s  s t e e l  
according to  type.
4.3.4 Sealing M a te r i a l s
Vacuum t i g h t  ( to  0.01 t o r r )  and h ig h  p r e s s u r e  ( to  5 a tm o sp h ere s )  s e a l s  
be tw een  c a v i t y  s e c t i o n s  a r e  0 - r i n g s  and s t r i p  s e a l s .  In  a n o n -c o r ro s iv e  
en v iro n m en t th e s e  would be made o f neoprene bu t under th e s e  l a s e r  
c o n d i t i o n s  th ey  a re  o f  V ito n  ( t r a d e  m ark), employed f o r  lo n g e v i ty  and to  
avoid gas contamination,
4.3.5 Gaa_m M ling._.Bqui.pm.e.nUW;ie r ia
Valves, tubing and gauges had to  be co rros ion  r e s i s t a n t  and designed fo r  a 
w ork ing  p r e s s u r e  o f  a t  l e a s t  75 p . s . i , ( a b s o l u t e ) .  M a t e r i a l s  a v a i l a b l e  f o r  
th e s e  components a r e  s t a i n l e s s  s t e e l  o r  monel m e ta l .  Monel i s  th e  p rim e  
c h o ice  f o r  s a f e t y  a t  h ig h  p r e s s u r e s  a f t e r  exposu re  to  HCl. However some 
s t a i n l e s s  s t e e l  components were used fo r  cheapness and a f t e r  considering  
t h a t  th e  v e ry  low HCl c o n c e n t r a t i o n  ( t y p i c a l l y  <0.5% by volume) w i l l  no t 
c re a te  corros ion  problems where m oisture i s  excluded. I t  i s  necessary to  
use  monel where th e  HCl i s  no t d i l u t e d ,  a s  i n  th e  m e te r in g  v a lv e  and 
connection to  the  ac id  cy linder.  I t  was found necessary, a f t e r  one year of 
use  i n  th e  f i e l d ,  to  r e p l a c e ,  w i th  monel where p o s s i b l e ,  th o se  s t a i n l e s s  
s t e e l  components, such as quick connects, which are  o f te n  in  con tac t w ith  
the  a i r .  Corrosion, a f t e r  a t ta c k  by hydrated HCl, has c rea ted  leaks  a t  the 
e x te rn a l  te rm ina ls .
Table 4.3,1 Properties of plastics in the XeCl laser cavity envlromert
Material Chemical Elongation Yield Stress Reaction Reaction
resistance (%) (psi) to H.V to U.V
to Hd
ABS poor 1 -  20 4000 -  9000
Acrylonitrile
ButadieneStyreæ
PVC fair/good 2 - 4 0
PolyVirylChloride
PIPE excellent 200 -  400 1000 -  2000PolyTetra
EluoroEthylene










This s ec t io n  considers  each p a r t  o f the cav ity  s t ru c tu re  as to  the design 
op tions , in  p a r t i c u la r ,  the cav ity  configura tion , e lec tro d e  shape, sea ling  
and e l e c t r i c a l  c o n n e c t io n s .  The c a v i t y  and e l e c t r o d e s  w ere d e s ig n ed  to  
con ta in  a p re -ion ized  t ra n sv e rse  e l e c t r i c  discharge in  a co rros ive  gas mix 
a t  a p ressure  of two or th ree  atmospheres. Windows were f i t t e d  to  surv ive  
the h o s t i l e  environment and to  t ra n sm it  u l t r a - v i o l e t  l a s e r  r a d ia t io n  w ith  
wavelength around 308 nm,
4,4,1 Cavitv andJVindowa
The cav ity  options f a l l  in to  two c a teg o r ie s ;  a sandwich type, w ith  c ro s s -  
s e c t i o n  a s  i n  f i g u r e s  4 ,4 ,1(a) to  (c) o r  one based on a c y l i n d e r ,  a s  i n  
f i g u r e s  4 ,4 ,1(d) to  (e ) .  S ugges ted  v a r i a t i o n s  on e i t h e r  theme a re  i n  a 
combination o f  m a te r ia ls  chosen from nylon, PTFE, PVC, aluminium o r monel. 
The layou t and shape of the  components was to  s a t i s f y  sea l in g  requirem ents, 
e l e c t r i c a l  connections and the d ischarge  s p e c i f ic a t io n .  Figure 4,3.1(a) i s  
of the  basic  sandwich type w ith  la rg e  elongated 0 -r in g  s e a ls  between the 
c e n tr a l  in s u la to r  and each of the  metal p la te s  to  which the  e lec tro d es  a re  
a ttached . Lasers of t h i s  type have been constructed  w ith in  the  group, (by 
Govindanunny.T, C .A .P ir r ie ,  A.B.Duval) th e  i n s u l a t o r  b e ing  o f  p e rsp e x ,  
nylon  o r PTFE and th e  p l a t e s  be ing  a lum inium  o r  monel. However, f o r  t h i s  
work the desired  energy output, f i l l  l i f e t im e  and general r e l i a b i l i t y  could 
not be achieved except in  the  form of a cumbersome, high p u r i ty  device and 
the la s e r s  were l i a b l e  to  leak  or s u f f e r  s t r e s s  f r a c tu re s  in  the in s u la to r ,  
Monel p l a t e s  cou ld  have been employed i n  a h igh  p u r i t y  v e s s e l  f o r  lo n g e r  
gas l i f e t im e s  although a considered op tion  was to  employ a PTFE l in in g  as 
i n  f i g u r e s  4,4,1 (b) and (c ) .  The low volume c a v i t y  i n  f i g u r e  4.4 .1(b) would 
h a v e  t h e  a d v a n ta g e  o f  h ig h  r e p l e n i s h m e n t  r a t e  i n  a c l o s e d  c y c l e
r e c i rc u la te d  gas system. Figure 4.4.1(c) shows the in c lu s io n  of a spacer to 
p ro v id e  a d i s c r e t e l y  v a r i a b l e  e l e c t r o d e  gap. A f te r  due th o u g h t  th e s e  
sandwich types were r e je c te d  on four main poin ts . Gas p u r i ty  i s  l ik e ly  to 
be l o s t  i n  l i n e d  c a v i t i e s  due to  gas  seepage  be tw een  th e  m etal/PTFE 
in te r fa c e .  A co n fig u ra t io n  l ik e  th a t  i n  f ig u re  4.4.1(b) would be im possib le  
to  m achine. The h ig h  m e ta l  c o n te n t  o f  th e  c o n s t r u c t i o n  makes f o r  a heavy 
l a s e r ,  u n s u i t a b l e  f o r  a p o r t a b l e  d e v ic e .  F i n a l l y ,  th e  number o f  p l a t e  
securing  b o l t s  would make se rv ic in g  a ted ious job.
A more a t t r a c t i v e  p ro p o s i t io n  was to  use a c y l in d r ic a l  cav ity  w ith  a c ro s s -  
s e c t i o n  as  i n  f i g u r e  4 .4 .1(d) and w i th  end caps  c a r r y in g  th e  windows. 
F ig u re  4 .4 .1(e) shows th e  o p t io n  o f  b u i ld in g  i n  an i n n e r  l i n i n g  f o r  h igh  
p u r i ty ,  made of perhaps PTFE, though t h i s  would be d i f f i c u l t  to accomplish. 
The answer was to  f in d  an e a s i ly  machined p l a s t i c ,  PVDF (m a te r ia ls  s e c t io n  
4.3) w hich  i s  r e l a t i v e l y  i n e r t  to  HCl gas  and w hich  has th e  d e s i r e d  
s t re n g th  in  an ob ta inab le  cy lin d e r  of appropria te  dimension. The l a t t e r  was 
d e f in e d  by e l e c t r o d e  gap and l e n g th ,  g iv e n  below , and any space  r e q u i r e d  
fo r  gas i n l e t / o u t l e t  p o r ts  and corona w ire f i t t i n g s .
Nylon, a s  a c o n v en ie n t  m a t e r i a l ,  was adop ted  f o r  th e  ends o f  th e  c a v i t y .  
The problems w ith  nylon as a cav ity  m a te r ia l ,  explained in  sec t io n  4.3 are  
not encountered a t  the  end p la te s  where there  are  no unduly high mechanical 
or e l e c t r i c a l  s t r e s s e s .  The s e a l  between the end cap and the  cav ity  end i s  
made w ith  a Viton 0 -r in g  s i t t i n g  in  a groove machined in to  the cap (f ig u re  
4.4,2), fo llow ing the  p r in c ip le  of maximising the machining on the cheapest 
components. Four s t e e l  rods clamp both ends toge ther  ( f ig u re  4,4.6),
Windows a re  mounted a t  a Brewster angle to  reduce r e f l e c t io n  lo s se s  and to  
p o la r iz e  the em itted  ra d ia t io n .  The p o la r iz a t io n  i s  u se fu l  in  the  event of
tuning w ith  an é ta lo n  or b i r é f r in g e n t  f i l t e r  (see chapter 5)« The Brewster 
angle, 0 fo r  t ran sm iss io n  from a i r  to  the  window i s  g iven by
ta n  9 s n^^/n^, (4.4.1)
w here  i s  th e  r e f r a c t i v e  in d e x  o f  th e  window and n^ i s  th e  r e f r a c t i v e  
index o f  the  surrounding a i r .  Windows o f  CaFg (sec tio n  4.3) were se lec ted  
f o r  i t s  high UV tran sm iss io n  and co m p a t ib i l i ty  w ith  HCl gas. The r e f r a c t iv e  
index of CaFg , 1.45 a t  SOOnm., g ives the  Brewster angle as
0 = 55® 29*. (4 ,4 .2)
T h is  s e t s  th e  a n g le  o f  th e  a lum in ium  B re w s te r  mount shown i n  s e c t i o n  i n  
f ig u re  4.4.2. The window i s  secured to  the  mount ag a in s t  a re in fo rced  Viton 
0 - r in g .  The mounts th e m s e lv e s  a re  screw ed  i n t o  each end p l a t e  and s e a le d  
w ith  a Viton 0 -r ing .
4.4.2 ,Pqr .o n a J
E lectrodes of aluminium were adopted as described in  s ec t io n  4.3. This sub­
s ec t io n  d iscusses  the e lec tro d e  p r o f i l e ,  t h e i r  sea led  f i t t i n g  to  the  tube, 
t h e i r  e l e c t r i c a l  connections, dimensions and separa tion . The corona w ires  
and f i t t i n g s ,  used fo r  p re - io n iz in g  the  gas mix, are  described. The reasons 
fo r  choosing the  corona w ire  from the  options are  explained in  sub -sec tion  
4 .5 .4 .
The e l e c t r o d e  le n g th  i s  f i x e d  a t  a co n v en ie n t  50cm. S e p a r a t io n  i s  
considered on the b a s is  of the  maximum opera ting  v o ltage  of 20 kV, s e t  as 
low as t h i s  to  ensure cap ac ito r  longevity  and a high r e p e t i t i o n  ra te .  The 
expected r a t i o  of e l e c t r i c  f i e l d  to  cav ity  p ressure  i s  expected to  be given
by
E/P = 820 V/m.T, (4.4.3)
as d e r iv e d  from th e  works o f  Maeda e t  a l  and Sze and Loree i n  e l e c t r i c  
d ischarge exoimer la s e r s .  The r a t i o  i s  expressed as
E/P = Vj^ax^^max' (4 ,4 .4)
By s e t t in g  the  maximum voltage
Vmax = 20 kV (4,4,5)
a t  a p r e s s u r e  o f  2 a tm o sp h e re s  (1520 t o r r )  and f o r  th e  E/P r a t i o  g iv e n  in  
equation (4,4,3) then the  e lec tro d e  gap i s  l im i te d  by
^raax “ (4,4,6)
The e l e c t r o d e  s e p a r a t i o n  was s e t  a t  15 + 1 ram, as a maximum. The l a s e r s  
w i t h i n  t h i s  group had used 20mm. gaps b u t  w i th  h ig h e r  a p p l i e d  v o l t a g e s ,  
in d ic a t in g  th a t  t h i s  s e t t in g  i s  reasonable.
The e l e c t r o d e  p r o f i l e  shown i n  s e c t i o n  i n  f i g u r e  4,4,3 was made s e m i­
c i r c u la r  ra th e r  than given the  usual Rogowski p ro f i le .  The reason fo r  th i s  
" sh a rp en in g "  i s  to  c r e a t e  a more i n t e n s e  e l e c t r i c  f i e l d  a long  th e  c a v i ty  
and to  confine the  discharge to a narrower volume. Hindsight suggests  th a t  
a Rogowski p r o f i l e  shou ld  have, been used (see  s e c t i o n  4,10), E l e c t r i c a l  
c o n n e c t io n s  to  th e  e l e c t r o d e s  a r e  made v i a  th re a d e d  s tu d s ,  every  Sum, 
passing through the cav ity  w all.
Vacuum and high p ressure  sea l in g  i s  made by trapping  a Viton s t r i p  between 
the  f la t te n e d  e lec trode  base and the in s id e  curvature of the tube ( f ig u re s
4 .4 .4  and 4.4 .5). An o p t i o n a l  method i s  to  use compound (Dowty) s e a l s  
t ig h te n e d  down round th e  s tu d s  on the  o u t s id e  of th e  tube . However t h i s  
would allow gas to  p en e tra te  in to  the  e le c tro d e /c a v i ty  in te r fa c e .
Two s t a i n l e s s  s t e e l  w i r e s  a r e  employed to  p ro v id e  a p r e » io n iz in g  c o ro n a  
from p o s i t i o n s  i n  a p lane  p e r p e n d ic u la r  to  t h a t  o f  th e  e l e c t r o d e s .  The 
p o s i t i o n  of the  co ro n a  w i r e s  i s  shown i n  the  c a v i t y  s e c t i o n  o f f i g u r e  
4 ,4 ,3 , A compromise was ta k e n  be tw een  th e  h igh  f i e l d  o f  a ve ry  t h i n  w ire  
and the la rg e  e lec tro n  e m it t in g  su rface  area of a th ic k e r  w ire. The f i t t i n g  
of two w ires  in  the  r e s t r i c t e d  space in s id e  the  cav ity  presented problems 
in  keeping a t a u t  w ire  and a sea led  te rm ina l to  the e x te r io r .  The eventual 
method; i l l u s t r a t e d  i n  f i g u r e  4.4.2 bu t i n  d e t a i l  i n  f i g u r e  4.4,3 was to  
f i x  f o u r  0 - r in g  s e a le d  s t a i n l e s s  s t e e l  a t t a c h m e n ts  i n t o  each o f  the  end 
p la te s  and to  s t r e t c h  each w ire  between the  f i t t i n g s  v ia  s t a i n le s s  s t e e l  
s p r in g s .  Each s p r in g  i s  s h o r te d  to  remove th e  in d u c ta n c e .  The method 
e n s u r e s  th e  c o r r e c t  t e n s i o n  w i th  l e s s  r i s k  o f  b re a k in g  by e x t e r n a l  
adjustm ent. E le c t r ic a l  connections a re  made to  each f i t t i n g  by an e x te rn a l  
screw.
4,4.3 The..aom.p.lete__CavllLV
The f i n a l  c a v i t y ,  hav ing  been d e s c r ib e d  in  component form i s  shown i n  
lo n g itu d in a l  sec t io n  in  f ig u re  4,4.6, inc lud ing  the gas port p o s i t io n s .  The 
space between the  e lec tro d e  ends and the  end p la te s  was a contingency fo r  
accommodating la rg e  d iam eter r e c i r c u la t i o n  po rts  should such a system have 
been necessary fo r  high r e p e t i t i o n  r a t e  and long gas l i f e .
insulator
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4.5 The Laser Circuits
The d e s ig n  o f th e  c a p a c i t a t i v e  d is c h a rg e  and p r e - i o n i z a t i o n  c i r c u i t s  i s  
d e s c r ib e d  a f t e r  c o n s i d e r a t i o n  of th e  o p t io n s .  The ad o p ted  c i r c u i t s  a re  
i l l u s t r a t e d  in  f ig u re  4.5.6 and the  layout i s  shown schem atica lly  in  f ig u re  
4.5.5. A b r i e f  i n v e s t i g a t i o n  i n t o  c i r c u i t  c h a r a c t e r i s t i c s  i s  o u t l i n e d  in  
s e c t i o n  4.8.
4.5.1 Discharge C irc u i t  Types
There  a r e  t h r e e  p o s s i b i l i t i e s  f o r  th e  d is c h a rg e  c i r c u i t  o f  a t r a n s v e r s e  
e x c i t e d  gas  l a s e r .  These a re  drawn i n  f i g u r e  4 .5 .1, w i th o u t  a p r e ­
i o n i z a t i o n  c i r c u i t .  The LC i n v e r s i o n  c i r c u i t  has  been used  s u c c e s s f u l l y  
w ith excimer la s e r s  by Burnham and Djeu (1976), Sze and Loree (1978), Maeda 
e t  a l  (1978) and i n  th e  XeCl l a s e r  used i n  some of th e  l a b o r a t o r y  s t a g e s  
of t h i s  work (C,A.Pirrie,l980). The Blumlein has been applied  by Ishchenko 
e t  a l  (1977), Waynant e t  a l  (1977) and S u t to n  e t  a l  (1976). These and th e  
C-to-C t ra n s fe r  c i r c u i t  have been compared w ith  regard  to  th e i r  s u i t a b i l i t y  
in  t h i s  p a r t ic u la r  a p p lic a t io n .  A prime considera tion  i n  c i r c u i t  choice i s  
the overvo lting  of the  l a s e r  e lec trode  gap. That i s ,  tak ing  the  vo ltage  to 
w ell above the  breakdown p o te n t ia l  before the discharge occurs. In t h i s  way 
th e  t r a n s f e r  of energy  to  th e  gas  i s  o p t im is e d .  To t h i s  end a s h o r t  r i s e  
tim e, ob ta inab le  from a low inductance discharge c i r c u i t  was sought. The LC 
in v e r s i o n  c i r c u i t  o f  f i g u r e  4 .5 .1(a) was d is c o u n te d  on th e  b a s i s  of a 
r e l a t iv e ly  long r i s e  tim e (70 to 100 ns.) in  comparison w ith the two other 
ty p e s .  A f u r t h e r  d is a d v a n ta g e  i s  th e  v o l ta g e  d o u b l in g  and su b se q u e n t  
o v e r s t r e s s i n g  o f  th e  c i r c u i t  com ponents. The B lu m le in ,  w ith  a ve ry  low 
inductance i s  the  f a s t e r  of the  remaining c i r c u i t s .  However, the  layou t i s  
n e c e s s a r i l y  bulky . One id e a  i n  a p p ly in g  f i g u r e  4 .5 .1(b) i s  g iv e n  i n  th e  
s e c t i o n a l  s k e tc h  o f  f i g u r e  4.5.2 i n  which th e  c a p a c i t o r s  a re  each two
p a r a l l e l  p la te s  w ith  a s in g le  d i - e l e c t r i o  in  a r ig i d  construction . Even i f  
the  cap ac ito rs  were fo lded or, i f  f l e x ib le ,  wrapped around the cav ity , the  
r e s u l t  would be u n s u i t a b l e  f o r  th e  I l d a r  l a s e r  where com pac tness , 
robustness and s e r v ic e a b i l i ty  were to  be combined. The conclusion was to  
use d i s c r e te  cap ac ito rs  i n  a C-to-C t r a n s f e r  c i r c u i t  of the  form o f f ig u re  
4 .5 .1 ( c ) .
4.5.2 C-to-C T ransfer ■Circuitî . RC-CotaPonenM
T his  s u b - s e c t i o n  o u t l i n e s  c i r c u i t  o p e r a t i o n ,  d e f in e s  th e  q u a n t i t i e s  
in v o lv e d  i n  t h i s  a p p l i c a t i o n  and d e s c r ib e s  th e  c a p a c i t o r s  and r e s i s t o r s  
which have been adopted.
With re fe rence  to  f ig u re  4.5.1(c), Cg i s  the  value of the  s to rage  cap ac ito r  
and Cçj i s  th e  v a lu e  o f  th e  d is c h a rg e  c a p a c i t o r .  The r e s i s t a n c e  Rg a c r o s s  
the cav ity  allow s Cg to  be charged to  a vo ltage  4-V . The sw itch , c a l le d  S,
e i th e r  a spark gap or a th y ra tro n ,  e a r th s  the p o s i t iv e  s ide  of Cg and s e t s  
an e f f e c t i v e  o v e r v o l t i n g  p o t e n t i a l  o f  -V a c r o s s  th e  c a v i t y .  I f  th e  
overvoltage i s  to be maximised, the  s to rage  cap ac ito r  to  cav ity  c i r c u i t  has 
to  be o f  minimum in d u c ta n c e .  The charge  from Cg i s  t r a n f e r r e d  to  C^ , 
mounted c lose  to  the cav ity  where i t  forms a very low inductance c i r c u i t ,  
th u s  a l lo w in g  f a s t  dumping o f  energy  i n t o  th e  d i s c h a rg e  f o r  p o p u la t io n  
i n v e r s io n .  I t  i s  n e c e s sa ry  t h a t  C^ i s  s m a l l e r  th a n  Cg i f ,  by ch arg e  
conservation, the e f f e c t iv e  cav ity  overvoltage i s  not to  be lowered and I f  
C^ i s  to  charge f a s t  enough before breakdown. The d ischarge capacitance 
must no t be so much s m a l l e r  t h a t  i t  i s  dumping a s m a l l e r  energy  i n t o  th e  
g as .  An im p r e s s io n  o f  th e  i d e a l  v o l t a g e  p u ls e  i s  shown i n  f i g u r e  4.5.3. A 
ru le-of-thum b s a t i s fy in g  the  conditions  g ives  the  l i m i t s
3C^ < Cg < 4C^, (4.5.1)
In  s e le c t in g  the  capac itances, Cg i s  s e t  fo r  the energy requirement and C^ 
i s  s e t  a c c o rd in g  to  th e  l i m i t s  (4 .5 .1).
An o p t i c a l  energy  of 50mJ was a im ed a t ,  a f t e r  an e s t i m a te d  e l e c t r i c a l  to  
o p t i c a l  e f f i c i e n c y  of a b o u t  0.5%, The energy  s to r e d  i n  the  s to r a g e  
cap ac ito r  i s  given by
E = Cg V2 /2 .  (4.5.2)
An o p e r a t i n g  v o l ta g e  o f  up to  20kV i s  assum ed, g iv in g  th e  re q u i re m e n t  on 
minimum storage capacitance as
Cg = 50 nF. (4,5.3)
Thirty  e igh t "doorknob" cap ac ito rs ,  w ith  barium t i t a n a t e  d i - e l e c t r i c ,  are  
a ssem b led  i n t o  a com pact, low in d u c ta n c e  u n i t  to  g iv e  an e x p ec ted  t o t a l  
capacitance of about 75 nF, The discharge capacitance i s  s e t  a t  about 25 nF 
using sm alle r  barium t i t a n a t e  cap ac ito rs .  These a re  assembled in  p a r a l le l  
p a i r s  a long  the  e n t i r e  e l e c t r o d e  l e n g t h ,  b e tw e e n  one  e l e c t r o d e ' s  
connections and an e a r th  sheet (connected to  the o ther e lec trode)  enclosing  
the  c a v i t y ,  a s  i l l u s t r a t e d  i n  the  s c h e m a t ic  s e c t i o n  o f  f i g u r e  4,5.5. They 
a re  arranged w ith  s ix te en  p a i r s  on one side of the  e lec trode  and seventeen 
p a i r s  on the o ther s ide  to  provide d ischarge  loops of opposing d i re c t io n  to 
minimise inductance. Capacitances and breakdown vo ltag es  a re  ou tlined  in  
t a b l e  4.5,1.
The c h a rg in g  r e s i s t a n c e  i s  s e t  to  a l lo w  f u l l  c h a rg in g  o f  th e  s to ra g e  
cap ac ito r  a t  the maximum l ik e ly  r e p e t i t i o n  r a te ,  S pps; Rg i s  defined using
the inequality
Rg < 1 / Cg s. ( 4 .5 ,4 )
A maximum l ik e ly  r e p e t i t i o n  r a te  of 20 pps gives the  requirement
Rg «  667 kj.-L, (4 .5 ,5 )
A high w attage r e s i s t o r  of 21,8 kjuwas in s ta l le d .  A fu r th e r  r e s i s t o r  o f  300 
Mjru-was connected across  the  s to rage  capac ito r ,
4.5,3 Switching the C-to-G T ransfer C irc u i t
A tr ig g e re d  spark gap or a gas f i l l e d  th y ra tro n  a re  op tions fo r  sw itching 
the high peak c u rren ts  i n  the C-to-C t ra n s fe r  c i r c u i t .  A spark gap has the 
a p p a re n t  b e n e f i t s  o f  s i m p l i c i t y ,  cheapness  and h ig h e r  o p e r a t in g  v o l ta g e  
th an  a t h y r a t r o n  b u t  i t  i s  l i a b l e  to  o v e rh e a t in g  a t  r e p e t i t i o n  r a t e s  
g r e a t e r  th a n  1 pps u n le s s  a gas (n i t ro g e n )  i s  f lo w ed  betw een th e  
e lec trodes . The l a t t e r  i s  a com plication  to be avoided. This l a s e r  was not 
designed to  use a voltage g re a te r  than 20 kV, p e rm itt in g  the  s e le c t io n  of a 
th y ra tro n  as  a more r e l i a b l e  and c o n tro l la b le  switch. An English E le c t r ic  
Valve Co. deuterium f i l l e d  th y ra tro n ,  type CX1180, was chosen,
4,5.3(a) Basic Thyratron  P r i n c i p l e s
A th y ra tro n  i s  a gas f i l l e d  sw itch , c losing  when an io n ised  column of gas 
i s  extended between the the rra ion ica l ly  em itt in g  cathode and the anode. The 
column i s  i n i t i a t e d  when a s u f f i c i e n t  p o s i t iv e  p o te n t ia l  i s  app lied  to  g r id  
1 (see. f i g u r e  4,5.4), The s w i tc h  i s  k ep t open when a n e g a t iv e  h o l d - o f f  
p o t e n t i a l  i s  a p p l i e d  to  g r i d  2, This  h o l d - o f f  i s  removed i n  s w i tc h in g  by 
a p p ly in g  a p o s i t i v e  c a n c e l l i n g  p u ls e  to  g r id  2, Gas p r e s s u r e  i s  k ep t
c o n s ta n t  by a h e a te d  gas r e s e r v o i r .  The ca thode  and r e s e r v o i r  h e a t e r  
su p p lie s ,  g rid  b ias ing  and t r ig g e r  pulse source are described below.
4 .5 .3(b) T hyra tron  Heaters^ Bias C irc u i ts  and Trigger Unit 
One t r a n s fo rm e d  su p p ly  p ro v id e s  6 V.a.c. f o r  th e  h e a t e r s ,  A d.c. su p p ly  
b i a s e s  g r id  1 a t  +150 V, and g r i d  2 a t  -150 V. The g r i d  2 t r i g g e r  p u ls e  i s  
d e r iv e d  from a t h y r i s t o r  s w i tc h e d  c a p a c i to r  c i r c u i t  o p e ra te d  by a 
r e la x a t io n  o s c i l l a t o r ,  a llow ing v a r ia b le  pulse r e p e t i t i o n  r a t e  or a manual 
s in g le  shot, A synchron isa tion  pulse  i s  provided to  t r ig g e r  any a n c i l l a r y  
u n i t s .  These c i r c u i t s  a r e  in c lu d e d  i n  th e  e n t i r e  l a s e r  system  c i r c u i t  
diagram of f ig u re  4,5.6 w ith  s p e c i f i c a t io n  i n  ta b le  4.5.1.
4.5.3(c) Thyratron C irc u i ts :  P recautionary  Measures
The th y ra tro n  i s  j u s t  s u i ta b le  fo r  sw itching 20 kV a t  around 5 pps. However 
a h ig h e r  s w i tc h in g  r a t e  of up t o  20 pps n e c e s s i t a t e s  a lo w e r in g  o f  th e  
vo ltage  towards 15 kV i f  th y ra tro n  in te r n a l  arc ing  and sw itching  f a i l u r e  i s  
to  be avo ided . A f a n  i s  p ro v id ed  f o r  c o o l in g  ov e r  lo n g  ru n n in g  p e r io d s  a t  
h ig h  r e p e t i t i o n  r a t e  a n d /o r  h ig h  v o l ta g e  or c u r r e n t  o p e r a t io n .  The 
th y ra tro n  i s  mounted c lose  to  the  cav ity  tube to  minimise the  s iz e  of the 
inductance loop (see f ig u re  4.5.5). Dimensions in  general a re  minimised fo r  
f a s t e r  sw itch ing  tim es. All c i r c u i t s  a re  completely fused. Careful ear th ing  
of the  c i r c u i t s  p re v e n t  th e  fo r m a t io n  o f  lo o p s  th ro u g h  w hich  l a r g e  r . f  
f l u x e s  from th e  d is c h a rg e  can in d u ce  s e v e re  n o is e  p rob lem s and p o s s ib ly  
cause damage to s e n s i t iv e  components in  s ignal record ing  c i r c u i t s .  Wherever 
th e re  was any p o s s ib i l i ty  of removing th e  ear th  from a l i v e  c i r c u i t  a f a i l ­
safe  sw itch  was provided to  connect an a l te rn a t iv e  ground. The main e a r th  
c i r c u i t s  a re  i l l u s t r a t e d  in  the  heavy l in e  of f ig u re  4,5.6, The main system 
ground i s  p ro v id ed  th ro u g h  th e  l a s e r  o p e r a t in g  u n i t  v i a  th e  h ig h  v o l t a g e  
supply.
4.5.4 Pr.c-X p M s ^ l P i U i l l ^
In the  excimer la s e r ,  a p re - io n iz a t io n  of the gas i s  requ ired  j u s t  before 
and a s  th e  main d i s c h a r g e  o c cu rs  to  e n su re  a u n i f o r m  e l e c t r o n  and io n  
d i s t r ib u t io n  fo r  a uniform d ischarge . An adequa te  p r e - i o n i z a t i o n  removes 
the inhomogeneities formed a t  p o s i t io n s  of high e l e c t r i c  s t r e s s  where arcs  
can o therw ise  develop to  provide a d ischarge of poor o p t ic a l  q u a li ty .
The f i r s t  discharge ex c ited  excimer la s e r s  of Burnham e t  a l  and Ewing and 
Brau (XeCl*) used UV p re - io n iz a t io n  generated from a flashboard  made of a 
s e r ie s  of spark gaps. These were supplied  p r io r  to  the main discharge by a 
separa te  c i r c u i t  a llow ing v a r ia t io n  in  the in te rv a l .  Most excimer l a s e r s  to  
d a te  seem to  have been p r e - io n i z e d  i n  t h i s  way, A s im p le r  method was 
proposed and te s te d  by H,M,von Bergmann e t  a l  in  1975 in  which a corona was 
produced from r a z o r  b lad e  e l e c t r o d e s  p r i o r  to  th e  breakdown o f  h igh  
p r e s s u r e  n i t r o g e n .  I t  was su g g e s te d  t h a t  th e  id e a  was s u i t a b l e  f o r  
a p p l i c a t i o n  to  o th e r  UV l a s e r s .  The advan tage  o f  a v o id in g  d u p l i c a t e d  
discharge c i r c u i t r y  and the necessary delay technique i s  re in fo rced  by the 
m in im i s a t io n  o f  m a t e r i a l  in t r o d u c e d  i n t o  th e  l a s e r  c a v i t y .  The l a t t e r  
lowers the p o s s ib i l i ty  of gas contam ination by im p u r i t ie s  and allow s b e t te r  
p ass iva tion . Indeed, Sze and Loree reported  a gas f i l l  l i f e t im e  reduced by 
a f a c t o r  o f  2 o r  3 a f t e r  u s in g  a h igh  power f la s h b o a r d  i n  KrF and ArF 
l a s e r s .  However th e  e x t e n t  o f  i o n i z a t i o n  i s  lo w er  i n  th e  s im p le  co rona  
technique w ith  the  r e s u l t  t h a t  lower l a s e r  pulse energ ies  are  obtained.
Pulsed oorona p re - io n iz a t io n  was adopted fo r  the l i d a r  l a s e r ,  designed fo r  
s i m p l i c i t y ,  r e l i a b i l i t y  and s e r v i c e a b i l i t y .  Two w i r e s  a r e  em ployed, 
p a r a l l e l  but in  a plane perpendicu lar to  th a t  of the  e lec tro d es  so th a t  the 
co rona  i s  d i r e c t e d  to  th e  o p p o s i t e ly  p o led  e l e c t r o d e .  The p o s i t i o n  and
mounting method i s  shown in  f ig u re s  4,4.2 and 4.4.3 of sec t io n  4,4,
4.5.4(a) P r e - io n iz a t io n  C i r c u i t
The best way of connecting th e  corona w ires  was found em p ir ica l ly .  At f i r s t  
each end o f th e  w i r e s  was co n n ec ted  v i a  a 0.75 nF c a p a c i to r  to  th e  l i v e  
s ide  of the cav ity  (connections to  the  earthy  s ide caused a rc ing).  In l a t e r  
e f f o r t s  to  i n c r e a s e  l a s e r  e n e rg y , a r e s i s t o r  was in c lu d e d  to  ch arg e  th e  
c a p a c i t o r  ( f i g u r e s  4,5,5 and 4,5.6) b e fo re  th e  t h y r a t r o n  i s  sw i tc h e d .  
I n t e r n a l  a r c in g  was o f t e n  e v id e n t  u n t i l  one end of th e  co rona  w i r e s  was 
l e f t  connec ted  i n  th e  way d e s c r ib e d  but w i th  th e  o th e r  end con n ec ted  
d i r e c t ly  to  the  l iv e  s ide of the cav ity .
s(a )  LC invers ion  c i r c u i t
S
(b) Blumlein c i r c u i t
(o) C to  C t r a n s fe r  c i r c u i t
Figure 4.5*1 Basic l a s e r  d ischarge c i r c u i t s
c a v il y
I nduc tor ,
top p l a i e
d i - e l ec t r i clower  p l a t e s p a r k  gap swltcti
Figure 4 .5 .2  Layout of a Blumlein c i r c u i t
b r ea k do wn
ENERGY INTO DISCHARGEOVERVOLTING
Figure 4 .5 .3  C avity vo ltage tran s ien t
g r id  1 g r i d  2
c a t h o d e  r e s e r v o i r a n o d e
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discharge cavi tys t o r a g e
Figure 4 .5 .5 (a )  R epresentation  o f  the  XeCl la s e r  discharge c i r c u i t  showing the c av i ty  i n  c ro s s -s e c t io n
cavi ty
c o r o n a  wire
e a r t h e d  e l e c t r o d e
to ' l ive '  s i de  o f  cav i ty
Figure 4 .5 .5 (b )  Longitudinal re p re se n ta t io n  of the  l a s e r  p re - io n iz a t io n  
c i r c u i t  showing two corona w ires and the p o s i t io n  of 
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Figure 4 .5 .6  L idar l a s e r  c i r c u i t s
Tàble 4.5*1 Lidar la^r circuit paraneters
Blinction Value or opa:^ting Curation Rate Ltoiits
V, R, I, C (pps)
Heaters
Cathode 6*3 Vao, 12 A
Reservoir 6.3 Vao, 6 A
Bias
Grid 1 +190 Vdo, 100 mA
Grid 2 -150 Vdc
Trigger pulse 
Grid 2 +250 Vpîc net >1 ps
IWgger unit
Tkigger pulse (VP +400 V 1.5yus 0.3 -  3.3
3 - 3 6
%nc* pulse +15 V 12 jus
Laser circuit
Discharge capacitœ 23 hF 24 Id) max
Storage capacitor JO rF 30 W mx
Storage cliargitg R 21.8 kJL
Preionization C 1 *45 hF 24 kV i i b x
Preionization
diargirg resistance S I S  Msl
Qxratirg voltage 15 -  20 kV 20 Idf max
4,6 Laser Mirrors
The m ir ro rs  a re  mounted o u ts ide  the  Brewster windows of the  gas cav ity  to 
a l lo w  ease  o f  a d ju s tm e n t ,  r e p la c e m e n t  and the  p re v e n t io n  of ch em ica l  
r e a c t i o n  w i th  th e  s u r f a c e  i n  th e  p re sen c e  of UV* A t o t a l  r e f l e c t o r  and an 
output coupler are  used in  a s ta b le  o p t ic a l  cav ity  configu ra tion , a llow ing 
fo r  easy m irror alignment. The t o t a l  r e f l e c to r  (a c tu a l ly  9 8  ^ a t  308nm) i s  a 
d i - e l e c t r i c  coated component w ith  a 2m. rad ius  of curvature . The f r a c t io n  
o f  r a d i a t i o n  t r a n s m i t t e d  th ro u g h  th e  back end (<2%) i s  u s e f u l  as  a p u lse  
in te n s i ty  sample fo r  norm aliza tion  of the l i d a r  pulse output. The output 
coupler i s  a quartz  f l a t  s i tu a te d  about 95 era, from the back m irror.
4 ,7  Gas Systems
The l a s e r  gas  sy s te m s  a r e  d e f in e d  by th e  c a v i ty  mix re q u i re m e n t  and th e  
a p p l i c a t i o n  to  DIAL. The r e q u i r e m e n t  f o r  a compact l a s e r  and m obile  u n i t  
led  to  the  co ns truc tion  o f  two sep a ra te  gas systems. A dedicated lab o ra to ry  
based gas m ix ing  s t a t i o n  c o n ta in in g  th e  m e te r in g  v a lv e s ,  low p r e s s u r e  
gauge, gas cy lin d e rs  and ro ta ry  pump i s  used to  charge a high p ressure  (up 
to  20 atmospheres) c y lin d e r  w ith  s u f f i c i e n t  gas fo r  severa l  pre-mixed la s e r  
r e f i l l s .  The l a s e r  gas system i s  merely f i l l e d  from t h i s  cy linder v ia  input 
and c a v i ty  s h u t - o f f  v a lv e s ,  A p r e s s u r e  gauge on the  c a v i t y  a l lo w s  the  
opera ting  p ressu re  to  be se t  and provides a monitor fo r  leaks. Evacuation 
of the  l a s e r  in  s i t u  i s  provided by a small ro ta ry  pump.
The l a y o u t s  o f  th e  gas  h a n d l in g  s y s te m s  a re  shown i n  f i g u r e  4 ,7,1. A ll 
c o n n e c t io n s  and p ip in g ,  e x c e p t  pump l i n e s  a r e  1/4" 0,D, com ponents. The
laser cavity and high pressure r e f i l l  cylinder were tested  hyd rau lica lly  to 
about tw ice the expected working pressure. Gas mixing and system in te g r ity  
i s  discussed in  the fo llow in g  sec tio n s.
low P g a u g e
g a u g e  v a l v e
o u H e f  v a l v e
pump va lve
HeHCl Xeq u i c k - c o n n e d  o u t l e t p um p
(a) Gas mixing s t a t io n
p u m p
high P g a u g epump v a l v e
c a v i t y
c a v i t y  s h u t - o f f  v a l v e
i n l e t  va lve
q u i c k - c o n n e c t  o u t l e t
(b) Laser gas system
Figure 4*7,1 XeCl l a s e r  gas systems
4.8.1
The p r im ary  d i s c h a rg e  c i r c u i t  was checked by a o h e iv in g  l a s i n g  a t  337 nm. 
w i th  n i t r o g e n  a t  a p r e s s u r e  o f  around 100 t o r r .  The e f f e c t i v e n e s s  o f  th e  
p r e - i o n i z a t i o n  was proved  by o b ta in in g  an a r c  f r e e  he lium  d is c h a rg e  a t  
p r e s s u r e s  i n  th e  ran g e  2 to  3 a tm o sp h e re s  and a t  v o l t a g e s  o f  10 to  20 kV. 
O s c i l l o g r a p h s  o f  th e  c a v i t y  v o l t a g e  i n  f i g u r e  4*8.1 show re a so n a b ly  
e f f i c i e n t  energy dumping, in  about 30 ns., in to  the d ischarge a t  vo ltages  
g re a te r  than 15 kV, in  comparison w ith  a r e l a t iv e ly  s lugg ish  t r a n s fe r  over 
about 50 ns. a t  10 kV. The t r a n s f e r  takes place on the pos it iv e -g o in g  slope 
a f t e r  the  f i r s t  negative cav ity  overvolting . The swing over to  a p o s i t iv e  
vo ltage  i s  caused by r ing ing  due to  the  mismatch between the cap ac ito rs  and 
th e  cav ity .
A p re lim inary  mix o f hydrogen ch lo r id e ,  xenon and helium in  the  re sp ec t iv e  
p roportions  o f  3 t o r r ,  10 t o r r  and 3 atmospheres was l e f t  i n  the  cav ity  fo r  
a day or two to  allow estab lishm en t of chemical equ ilib rium  between the  gas 
and the cav ity  m a te r ia ls .  This p a ss iv a tio n  of the  cav ity  continues w hile  
th e  gas  i s  p r e s e n t  and i s  a id e d  by th e  d is c h a rg e  which te n d s  to  c l e a r - u p  
some im p u r i t ie s .  P ass iv a tio n  must be repeated  a f t e r  the  in te r n a l  components 
have been exposed to  a i r ,  L as in g  was o b ta in e d  a t  th e  308 nm. r e g io n  w i th  
the s ta te d  gas mix. The gas p roportions  necessary fo r  op tim is ing  the  ou tpu t 
energy were obtained by experiment fo llow ing a review of o ther works. The 
r e s u l t s  ou tlined  below were from a repeated  in v e s t ig a t io n  a f t e r  improvement 
of the  p re - io n iz a t io n  c i r c u i t  (sub -sec tion  4.5.4(a)) had boosted the  pulse 
energy by about 350%.
4.8.2
Gas mix p r o p o r t io n s  which have been adop ted  i n  some XeCl l a s e r s  a r e  
reviewed in  ta b le  4.8.1. The most ap p licab le  f ig u re s  a re  those re fe r in g  to 
t r a n s v e r s e  d is c h a rg e  e x c i t a t i o n  w here hydrogen c h lo r id e  i s  th e  c h lo r in e  
donor. On th e  w hole , th e  r e f e r e n c e s  o f  t a b l e  4.8,1 i n d i c a t e d  p a r t i a l  
concen tra tions  s e t  w ith in  the  ranges given by
0.07% < [HCl] < 0.2% (4,8.1)
and
0.9% < [Xe] < 5%, (4,8.2)
re sp ec tiv e ly .  However, p re lim inary  a ttem p ts  a t  la s in g  w ith  these  ranges of 
le v e ls  f a i l e d  due to  excessive  arcing . Eventually the a rc ing  was removed by 
lowering the xenon co ncen tra tion  to  below the 0.9% of (4,8,2), Gas p a r t i a l  
p ressu res  t r i e d  in  mix o p t im isa t io n  were based on the  range in  (4,8,1) fo r  
HCl and a lo w er  xenon component th a n  th e  minimum i n  (4 ,8 .2) , The a p p a r e n t  
discrepancy w ith  the xenon component may be due to  an inadequate le v e l  of 
p re - io n iz a t io n  w ith  a h igher xenon concen tra tion , sp o i l in g  the homogeneity 
o f  t h e  d i s c h a r g e .  D i s c h a r g e  v o l t a g e  i s  l i m i t e d  by t h e  c o m p o n en t 
s p e c i f ic a t io n s  to 20 kV thus a llow ing a vo ltage  v a r ia t io n  down to  th a t  a t  
the  th resho ld  of la s in g . O verall helium pressure  i s  l im i te d  mechanically to  
abou t 3.5 a tm o sp h ere s  (50 p s i ) .  D i f f e r e n t  p r o p o r t io n s  o f  Xe and HCl were 
t r i e d  ov e r  a range  o f  v o l t a g e  and he lium  p r e s s u r e  and th e  l a s e r  p u ls e  
e n e r g ie s  were  m easured . One chan n e l o f  a l a s e r  energy  r a t i o m e t e r  (L ase r  
P r e c i s io n  Corp. Rj 7200) was employed to  av erag e  10 p u ls e  e n e r g ie s .  The 
number o f  p u ls e s  m easured  p e r  f i l l  d id  no t  exceed  ab o u t 600, a v o id in g  
in n a c u r a c i e s  due to  energy  d e g r a d a t io n  th rough  gas  l i f e t i m e  prob lem s.
Figure 4.8.3(a) shows the  v a r ia t io n  o f  maximum energy per mix with p a r t i a l  
p r e s s u r e s  of Xe f o r  d i f f e r e n t  HCl p a r t i a l  p r e s s u r e s ,  a t  16 kV and an 
o v e ra l l  p ressure  of 3 atmospheres. I t  i s  d e s irab le  to  opera te  a t  maximum 
voltage  and p ressure  fo r  h ighes t  energy output. However, the  r e s t r i c t i o n  on 
these parameters i s  imposed to  avoid a rc ing  and subsequent lo s s  o f  pulse 
r e p r o d u o a b i l i t y .  F ig u re  4 .8 .3(b) g iv e s  the  same r e s u l t  a s  4 .8 .3(a) b u t  the  
p a r t i a l  p r e s s u r e  o f  HCl i s  v a r i e d  f o r  d i f f e r e n t  Xe p r e s s u r e s .  F ig u re s  
4 .8 .3(a) and (b) s p e c i f y  an o p e r a t in g  p o in t ,  g iv e n  i n  t a b l e  4 .9 ,1 , 
inc lud ing  the  accep tab le  p a r t i a l  p ressu re  ranges g iv ing 90% of the optimum 
energy . P a r t i a l  p r e s s u r e s  shou ld  be s e t  to  an a c c u ra cy  of ab o u t 30%. The 
concen tra tion  as  a percentage i s  app lied  i n  charging the  r e f i l l  cy linder to 
a maximum o v e ra l l  pressure  of 20 atmospheres.
4,8,3 Discharge C h a ra c te r i s t ic s
The o s c i l l o g r a p h s  o f  f i g u r e  4.8.1 s e rv e  to  check on th e  speed o f  energy 
t r a n s f e r  in to  a helium discharge. A s im ila r  check on the excimer d ischarge 
fo r  an opera ting  vo ltage  of 16 kV i s  the  osc il log raph  of f ig u re  4.8.2 where 
th e  c u r r e n t  f lo w s  f o r  a b o u t  35 ns. a f t e r  o v e rv o l te d  breakdown. This  i s  
roughly the expected period  fo r  energy t ra n s fe r .
lAl
V = 10 kV V = 15 kV
energy  t ra n s fe r
o v e r v o l t i n g ^
5 0 n s / d i vV = 20  kV
Figure 4,8»1 Cavity vo ltage  t r a n s ie n t s  across  a helium discharge
e n e r g y  t r a n s f e r
V = 16kV 1 0 Qn s / d i v
Figure U,8,2 Cavity v o ltage  t r a n s ie n t s  across  XeCl la s in g  d ischarge
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Figure 4 ,8 .3(a) and (b) E ffec t  of gas mix p roportions  on la s in g  energy
a t  16kV and Batm He p ressure
Table 4.8.1 XeCl lasing gas mix prcçortions reference
Dwestigator Dlscharge Rre~ion îîalogen Xenon Buffs’ E P
I4ethod k^ithod Donor (laJ) (at)
Bdrg & Brau e-beam e-bean Clp Ar m/a n/a 2.72
(1975) 0.% lOjê 89.9g
2 T 207 T
Sze & Scott t,e.d
(1978)
spark HCl He 180 48 3.27
0.2g 5g 94.8g
5 T 124 T
HCl 
0,2g 
5 T 25 T
He 90 48 3.27
98.%


















n/a Chlorimted n/a 7hydrocarbon
0,13g 5g 94.87g
1 T 40 T
12 1
Orampagne m/a n/a HCl Ne n/a n/a 3
(1979) 0.057g 1g 98.93g
1.5 T 22.8 T
4.9
The primary opera ting  po in ts  de fin ing  gas mix proportions  and vo ltage  have 
been discussed in  4.8, This s ec t io n  o u t l in e s  the de term ina tion  of the  r e s t  
o f  the  l a s e r  param eters, summarised in  ta b le  4.9*1.
4.9.1 Pulse, R epe ti t ion  . Rate
R ep e tit io n  r a te  should be as high as possib le  fo r  f a s t  s ig n a l  a c q u is i t io n  
from a s i n g l e  t a r g e t  sam ple p r i o r  to  a v e rag in g  i n  DIAL. High te m p o ra l  
r e s o lu t io n  may a lso  be an advantage i f  the  ta rg e t  i s  d ispersed  rap id ly .  The 
pulse  r e p e t i t io n  r a t e  was found to  be l im i te d  in  p ra c t ic e  to  a maximum of 
20 pps; a t  the maximum vo ltage , when severe arc ing  and th y ra tro n  m is f i r e  
oocured . A nother r e s t r i c t i o n  on th e  r a t e  i s  im posed by th e  power 
c a p a b i l i ty ,  o f  the  high vo ltage  supply, given by
S = 2Wy /Cg V^max,
where i s  th e  maximum t o l e r a b l e  v o l t a g e .  E q u a tio n  4.9*1 i s  used  to
d efine  the  pe rm iss ib le  combination of opera ting  vo ltage  and r e p e t i t io n  r a te  
where the supply i s  the  l im i t in g  fa c to r .
4.9.2 i lâ â - i i i f â y ja ê
I t  i s  u se fu l  to know the  g a s - f i l l  l i f e t im e  in  term s o f the  pulses a v a i la b le  
before the  energy i s  too low fo r  l i d a r  use. I t  i s  convenient to  define  the  
l i f e t i m e  by th e  number o f  p u l s e s  e m i t t e d  b e fo re  th e  energy  i s  reduced  to  
one h a l f  o f  i t s  i n i t i a l  v a lu e .  The d e g ra d a t io n ,  o b ta in e d  e m p i r i c a l l y  i s  
shown i n  f i g u r e  4.9.1*
4,9*3 Beam Divergence
An im p o r ta n t  o p e r a t i o n a l  f a c t o r  i n  a l i d a r  system  i s  th e  f u l l  a n g le  of 
d iv e rg e n c e  of th e  l a s e r  beam. I t  shou ld  be s m a l l e r  th a n  th e  f u l l  f i e l d  of 
the  te lescope i f  r a d ia t io n  i s  to  be co l le c te d  from the  whole ta rg e t  area. 
This e l im in a te s  the need fo r  a c o rre c t io n  term in  the geometric c o l le c t io n  
e f f ic ie n c y  given in  the  l i d a r  equation. The f u l l  angle of divergence, Q was 
measured as  8,2 m i l l i r a d ia n s ,  c lose  enough to  the roughly expected 10 rarads 
i n  t h i s  c a v i ty  c o n f ig u r a t io n .  The a c c e p tan c e  a n g le  ( f i e l d  a n g le )  o f  th e  
te lescope  i s  g re a te r  than the transm iss ion  angle of the l a s e r  so th a t  a l l  
the  ra d ia ted  t a r g e t  i s  "seen".
4.9.4 Temporal Pulse Width
The temporal width of the  l a s e r  pulse was measured in  the  lab o ra to ry ,  using 
a f a s t  l i n e a r  fo c u sed  p h o t o m u l t i p l i e r  (EMI 9594 QUB), g iv in g  a fwhm of 
32ns. The o s c i l l o s c o p e  t r a c e  i s  shown i n  f i g u r e  4.9*2, A c o r r e c t i o n  was 
made, on the o r ig in a l  measurement, allow ing fo r  the time spread due to  the 
pho to m u lt ip l ie r  time response (2,2ns r i s e - t im e ) .  The temporal width, , of 
th e  l a s e r  p u ls e  i s  r e q u i r e d  a s  a s p a t i a l  l e n g th ,  g iv en  by c Z / 2 ,  a s  th e  
d e f in i t io n  of the  minimum reso lv eab le  l i d a r  range element. The s ig n if ic an ce  
of t h i s  i s  described more f u l ly  in  the  l i d a r  and DIAL chap ters  8 and 9«
4.9.5 XeCl’^ Excimer Laser Output Spectrum
The XeCl'^ e x c im er  l a s e s  on two main l i n e s  around 308 nm,(Brau and Ewing, 
1975). Experiments were c a r r ie d  out to  v e r i fy  the sp e c tra l  c h a r a c te r i s t i c s  
of the emission and to  evaluate  the  r e l a t i v e  i n t e n s i t i e s  of the  two peaks. 
The l a t t e r  (a s  a r a t i o ,  n^ /ng) i s  a p a ra m e te r  i n  th e  d i f f e r e n t i a l  l i d a r  
equation and i t s  d e f in i t io n  i s  requ ired  au to m atica l ly  per pulse p a ir  during 
s ig n a l  a c q u i s i t i o n  and p r o c e s s in g  i n  a r e t u r n  p u ls e  n o r m a l i z a t io n  
procedure. However a value fo r  n^/Ug was wanted f o r  i n s e r t io n  in to  a model
p r e d i c t i n g  d i f f e r e n t i a l  l i d a r  r e s u l t s .  The e x p e r im e n ts  a l s o  y ie ld e d  
in fo rm ation  on pulse to  pulse energy v a r ia t io n .
Two instrum ent systems used in  these  in v e s t ig a t io n s  were a Carl Zeiss Q24 
spectrograph, a G1 raicrodensitom eter, and a G1B1 p o ten tio m e tr ic  recorder 
and a B & K o p t ic a l  spectrum analyser (OSA).
4.9.5(a) Primary LasinPL_WaveXengths_((32j|_exJ>-eriment^)-
Table 4,9,2 l i s t s  XeCl^ peak wavelengths as  determined by previous workers.
nThe Q24 p rism  s p e c t ro g r a p h  was used  h e re  to  r e c o rd  th e  XeCl sp ec tru m . 
S p e c t r a l  c a l i b r a t i o n  o f  th e  p l a t e s  on th e  in s t r u m e n t  i s  done w i th  a 
w a v e len g th  s c a l e  t r a n s p a r e n c y .  However, a more p r e c i s e  c a l i b r a t i o n  was 
o b ta in e d  by th e  s u p e r im p o s i t i o n  o f  a m ercury vapour sp ec tru m . The 
m icrodensitom eter and p o te n t io m e tr ic  r e c o r d e r  a l lo w ed  th e  s p e c t r a  to  be 
recorded on paper^ as reproduced in  f ig u re  4,9*3* Measurements of the  t ra c e s  
gave wavelength peak va lues , given in  ta b le  4,9,2 in  c lo se  agreement w ith  
re fe ren ces  and v e r ify in g  the  r e s u l t s  of Sze and Sco tt (1978) a t  307*92 nra, 
and 3 0 8 , 1 7  nm. H igher r e s o l u t i o n  t r a c e s  a l lo w ed  peak s e p a r a t i o n  to  be 
measured, g iv ing  the  values in  ta b le  4.9*2,
4.9.5(b) _Rel,atlV-e_Intensitie3_of_J4a3lng__P.eaks_(X)S_A_experiro-e_n,t_s.l 
In  th e  OSA system  a g r a t i n g  d i s p e r s e s  th e  r a d i a t i o n  on to  a v id ic o n  d iode  
array . Light f a l l s  on each diode and d ep le tes  the e x is t in g  charge content. 
The in s t r u m e n t  m easu res  r e l a t i v e  i n t e n s i t y  by m o n i to r in g  th e  amount o f  
ch arg e  n e c e s sa ry  to  r e p l e n i s h  th e  c o n te n t s  of each d iode . I n t e n s i t y  i s  
expressed d ig i t a l l y  as the  a number of counts. Resolution w ith  the g ra t in g  
used i s  about 0.3 S ., t h i s  being the approximate s p e c tra l  coverage of each 
d iode  or chan n e l.  Therm al d r i f t  o f  th e  d i s p la y  b a s e l in e  le d  to  i n c o r r e c t  
count numbers. However, the  r e s u l t s  were obtained by measurements on X/Y
r e c o r d e r  t r a c e s  d e l i v e r e d  by th e  OSA*s p r i n t  f a c i l i t y .  A t y p i c a l  t r a c e  i s  
re p ro d u ced  i n  f i g u r e  4.9.4. S u p e r im p o s i t io n  o f  many such  s p e c t r a  a l lo w ed  
q u a n t i f ic a t io n  of pulse to  pulse v a r ia t io n ,  described below.
Peak i n t e n s i t y  r a t i o s  a r e  v a l i d  f o r  a s i n g l e  o u tp u t .  The e r r o r  i n  th e  
r a t i o s  g iv e n  i n  t a b l e  4.9*3 i s  th e  s ta n d a rd  d e v i a t i o n  o f  th e  s e r i e s  o f  
r a t i o  r e s u l t s  (not of the  mean r a t io ) .  A value intended f o r  in s e r t io n  in to  
the  model of chapter 9 i s  improved by applying Chauvenets theorem to  reduce 
th e  e r r o r  to  t h a t  i n  17 s e l e c t e d  r e a d in g s .  The u n c e r t a i n t y  i n  th e  av e rag e  
o f  a l l  r e a d in g s  a r i s e s  from th e  p u l s e - t o - p u l s e  v a r i a t i o n .  The e f f e c t  o f  
t h i s  v a r i a t i o n ,  as  an u n c e r t a i n t y  i n  l i d a r  r e t u r n  i n t e n s i t i e s ,  can be 
removed i f  the  r e tu rn  i s  normalized by a measurement of the  l i d a r  output 
pu lse ,
4 ,9.5(c) JEjiIs_e_-^tjq-PuIsj3_7agi^ioj^^
Figure 4,9,4 shows the v a r ia t io n  in  i n te n s i ty  between pulses. Twenty nine 
t ra c e s  o f  t h i s  type provided q u a n t i f i c a t io n  of the p u lse - to -p u lse  v a r ia t io n  
a t  th e  peaks. The r e s u l t s  a re  g iv e n  i n  t a b l e  4.9.4, P u l s e - t o - p u l s e  
v a r i a t i o n  i s  g iv e n  a s  th e  mean o f  th e  e r r o r  m easurem en ts . The maxima and 
minima a re  o b ta in e d  from th e  e r r o r  mean by add ing  and s u b t r a c t in g ^  
re sp ec t iv e ly ,  the standard  d ev ia t io n  of the  measurement e r ro rs .  The most 
u s e f u l  v a lu e s  a r e  th e  maxima. They can be a p p l ie d  to  d e te rm in e  DIAL 
accuracy i f  no pulse energy norm aliza tion  i s  used.
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Figure 4 ,9 .4  O ptical Spectrum Analyzer (OSA) output of the  XeCl 
la s in g  spectrum
Ihble 4.9.1 Laser opostir^ {Hrameta?s and properties
Settlrg Point Rarge
Voltage (IdT) 16 15 to 18




3 to 6.3 0,13 to 0.28
Xe pressure (torr) 10
0.44
7 to 14 
0,31 to 0,61
He pressure (atm) 1 to 3.5
Repetition iteite (pps) < 20 § 17 la/ max.< 15 @ 20 IdT max.
Pulse Width (fWhn) (ns) 32 ±1
Energy (W) 5 to 8
Djumber of pulses to 
half en^QT
18,000
Beam divergence (rarad) 8,2
Discharge voluoe (1) 1,85
t o ,  energy emission per 2,7 
unit discharge vol. (mJ/1)
Table 4,9,2 XeCl laser spectral dimensions
Investigator Pealc Wavelengths
Sze & Scott 308,17 307.92
Ifeeda et a l 308.2 307.9





2,4 ± 0,5 mlGrodeneitaneter
Tbble 4,9.3 XeCl laser: Dual wavelength intensity ratios
Ifetio
n^  (308,2nn)/n2(307,9nn) % Error Source
0,6970 7 (S.D) average of 29 readings
0,6915 4.4 (S.D) average of 17 readiigs af to-’ removal of 
extremes.
Table 4,9*4 XeCl*^  laser: Dual i-îavelength pealc intemlty variation
Quantity Pulse to pulse variation
AverageC?)
Error
tHnimim(%) IfeudinunriC^ ) 
(fran S.D of errors)
Error, An^/n-j, in pealc at 
308,17 m wavelength 7 .0 3 .5  10,5
Error, Ang/ng, in peak at 
307,92  m  wavelength 5.2 1,1 9.3
Error, (An^ +Ang)/(n^ + ng) 
in  total output 5.9 2.9 8 .9
4.10 Problems in the Laser System
This sec t io n  i s  concerned w ith  some system m alfunctions and shortcomings 
and the a c t io n  taken to  remedy the s i tu a t io n .
To reduce the amount of r f  noise t ra n sm it te d  to  the  d e tec t io n  system, d isc  
c e ram ic  c a p a c i t o r s  w ere  f i t t e d  to  th e  l e a d s  a s  h ig h  p a ss  f i l t e r s  to  th e  
ear thed  enclosure. The supply leads were sh ielded  w i th in  t h e i r  conduits. An 
i n d u c to r  betw een  th e  e a r th y  s id e  o f  th e  l a s e r  c a v i t y  and th e  e n c lo s u r e  
s e rv ed  to  p re v e n t  l a r g e  v o l t a g e  s p ik e s  from a r t i f i c i a l l y  r a i s i n g  th e  
ground. These p r e c a u t io n s  have proved to  be e f f e c t i v e  i n  m in im is in g  
e x t e r n a l  noise,
4.10.2
The only major leak  oocured where a c av ity  window sea l  became ine ffec tive*  
The high p ressure  gas con tain ing  HCl was forced between the 0 -r in g  and the 
aluminium window mount r e s u l t in g  in  very lo c a l ise d  co rros ion  of the  m eta l,  
worsening the leak. The p la te s  of f ig u re s  4.10.1(a) and (b) show the bu ild  
up o f  AlClg and th e  r e s u l t i n g  p i t  a t  th e  le a k  p o in t .  The h o le  was f i l l e d  
w ith  Aral d i te  and the window was reseoured,
4.10.3 Ii^kJLlJLAhe Gas Svstern
Gas system  le a k s  a t  th e  q u ick  con n ec t o u t l e t / i n l e t s  were caused  by 
c o r r o s io n  o f  th e  s t a i n l e s s  s t e e l  by HCl i n  th e  p re se n c e  o f  m o is tu r e  from 
th e  a i r .  The r u s t  p re v e n te d  good m e ta l  to  O aring  c o n ta c t .  C o rro s io n  
o c c u r re d  i n  th e  same way i n  th e  s t a i n l e s s  s t e e l  b e l lo w s  o f  th e  s h u t - o f f  
v a lv e  i n  th e  r e - c h a r g e  c y l i n d e r  c a u s in g  a p e r f o r a t i o n .  T h is  v a lv e  was 
r e p la c e d  by a monel u n i t .  I f  monel r e p la c e m e n ts  a r e  no t o b t a in a b l e  th e n
quick connect l i f e t im e  may be prolonged by e f f i c i e n t  purging w ith  helium 
before exposure to  the  air* Otherwise the  quick connects may be replaced by 
’•Swagelock’* couplings of monel.
4*10.4
Although an o u tp u t  energy  o f  50 mJ was aimed a t  (see  s e c t i o n  4,5*2) on ly  
one t e n t h  o f  t h i s  was a c h ie v e d  i n  p r a c t i c e .  I t  i s  s u s p e c te d  t h a t  t h i s  was 
due in  p a r t  to the  reduc tion  of discharge volume by the adoption of sharper 
p r o f i l e  e l e c t r o d e s  r a t h e r  th a n  th o s e  o f  f l a t t e r ,  "Rogowskl" p r o f i l e .  An 
a d d i t i o n a l  sh o r tc o m in g  may be th e  la c k  o f  a d eq u a te  p r e - i o n i z a t i o n ,  
m en tioned  e a r l i e r  w i th  r e s p e c t  to  th e  low optimum xenon c o n c e n t r a t i o n .  
Corona w ire  p r e - i o n i z a t i o n  cou ld  be im proved upon by a s p a rk  board  
te c h n iq u e ,  a l th o u g h  t h i s  was d is c o u n te d  on th e  g rounds o f  c o m p le x i ty .  
Higher energ ies  would be po ss ib le  a t  vo ltages  h igher than 20 kV i f  t h i s  was 
allowed by component to le ran ces ,  bearing in  mind the r e l i a b i l i t y  fe a tu re .  
An energy  d is c re p a n c y  i s  a p p a re n t  from th e  r e d u c t io n  i n  e f f e c t i v e  
c a p a c i ta n c e  o f  th e  barium  t i t a n a t e  components when o p e ra te d  a t  a n y th in g  
o ther than low voltage . The reduc tion  i n  e f f e c t iv e  canacitanoe i s  expected 
fo r  vo ltages  g re a te r  than about 40^ of the  ra ted  f ig u re  (Sprague catalogue; 
K.Matsumoto e t  a l  1980).
Figure 4 . 1 0 . 1 ( a )  Build-up o f  AlClg a t a leak  point o f  the la se r  window 
(b) The r e s u lt in g  p it  in  the window mount
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Chapter B Laser Spectral Modification
The dual wavelength output of the XeCl' l a s e r ,  described in  chap ter 4, i s  
a p p l i e d  to  d i f f e r e n t i a l  a b s o r p t io n  l i d a r .  Other DIAL sy s te m s  have used 
tunab le  l a s e r s  (see chap ter  1), g iv ing  a unique wavelength a t  any in s ta n t .  
(The s im u l ta n e o u s  e m is s io n  o f  two w a v e le n g th s ,  in  work by Inoraata  and 
I g o r o s h i ,  1975, i s  an e x c e p t io n  in  dye l a s e r  DIAL.) I f  the  XeCl^  ^ l a s e r  i s  
to  p ro v id e  a s i n g l e  w av e len g th  p e r  p u lse  then  i t  i s  n e c e s s a ry  to  app ly  a 
method o f  w av e len g th  s e l e c t i o n ,  e i t h e r  a t  th e  r e c e i v e r  or a t  th e  
t r a n s m i t te r .  The method must be f a s t  enough to  allow the tuning opera tion  
to occur between ad jacen t pu lses ,  a t  a r a te  of up to  10pps.
S e lec t io n  techniques a v a i la b le  fo r  considera tion  include  d isp e rs io n  by a 
g ra t in g ,  a Fabry-Perot type é ta lo n  or a method using a b i ré f r in g e n t  f i l t e r .  
The b i ré f r in g e n t  f i l t e r  i s  in v e s t ig a te d  as having p o te n t ia l  for a p ra c t ic a l  
d e s ig n .  A f u r t h e r  and novel i d e a  f o r  some s o r t  o f  w av e len g th  c o n te n t  
m odif ica tion  ( ra th e r  than d i s t i n c t  wavelength s e le c t io n )  was devised and i s  
app lied  in  preference to  the e x is t in g  methods. More cons ide ra tion  i s  given 
to  using t h i s  method, where an absorp tion  c e l l  i s  in s e r te d  w ith in  the  la s e r  
c a v i ty .  This c h a p te r  i n d i c a t e s  th e  f e a s i b i l i t y  f o r  a p p l i c a t i o n  o f  each 
technique to t h i s  DIAL system in  the  f ie ld .
5.1 Transmission Grating
A t r a n s m is s io n  g r a t i n g  would no t be used  a s  a l a s e r  tu n in g  e lem en t .  
However, i t  i s  po ss ib le  to  apply i t  to  separa ting  the excimer wavelengths 
a t  the  re c e iv e r ,  e i th e r  as a moveable g ra t in g  supplying one d e tec to r ,  or as 
a f ix e d  e lem en t  su p p ly in g  two d e t e c t o r s ,  as  shown in  f i g u r e  5.1.1. The 
method i s  on ly  f e a s i b l e  i f  th e  a n g u la r  s e p a r a t io n ,  A 0 , betw een th e  
d i s p e r s e d  p a th s  i s  l a r g e  enough, say a few d e g re e s .  The g r a t i n g  e q u a t io n  
fo r  normal incidence i s
sine^ = ff iA /a , (5.1.1)
w here a i s  th e  s e p a r a t i o n  o f  th e  g r a t i n g  l i n e s ,  ra i s  th e  o rd e r  o f  
d i f f r a c t io n  and i s  the  angle o f  d i f f ra c t io n .  The d isp e rs io n  equation, 
obtained by d i f f e r e n t i a t i o n  of (5.1.1) i s
A0/AA s m /a .o o s ^  (5,1.2)
A co m b in a t io n  o f  (5 ,1.1) and (5.1.2) g iv e s  th e  a n g u la r  s e p a r a t i o n  f o r  a 
wavelength sep a ra t io n  of AX in  the  expression
A 8 = m AX /a,co8(sln"^mX/a). (5.1,3)
At a g r a t i n g  l i n e  sp a c in g  o f  a = 5 X 10”'^m, th e  a n g u la r  s e p a r a t i o n  o f  
l i n e s  a t  307*92 nra, and 308.17 nm. (from  t a b l e  4.9*2), i n  th e  f i r s t  o r d e r ,  
i s  only a very sm all f r a c t io n  of a degree. This sm all sep a ra t io n  was deemed 
to make a tran sm iss io n  g ra t in g  an im possible proposition .
5.2 Reflection Grating
The p o s s ib i l i ty  of using a r e f l e c t i o n  g ra t in g  a t  the  d e tec to r  or fo r  tuning 
the  l a s e r  was re je c te d  fo r  reasons s im i la r  to  those mentioned in  sec tion
5.1. A r e f l e c t i o n  g r a t i n g  would be used  i n  th e  p o s i t i o n  shown i n  f i g u r e
5 .2 .1 .
5,3 Etalon Tuning
A Fabry-Perot é ta lo n ,  opera ting  on the  p r in c ip le  of m u lt ip le  in te r fe re n c e ,  
can, in  theory, be app lied  to  s e le c t in g  the XeCl'' wavelengths, separated by 
ab o u t 2.5 an g s tro m s. The a rran g em en t  i s  shown i n  f i g u r e  5 .3.1. The p l a t e  
sep a ra tio n  would be ad justed  by vo ltage  ramped, piezo-ceram ic transducers . 
However, a u n i t  w i th  such f i n e  r e s o l u t i o n  r e q u i r e s  s u i t a b l e  d i - e l e c t r i c  
m u l t i - l a y e r e d  c o a t in g s  to  sh a rp en  the  t r a n s m is s io n  peaks. The p ie z o ­
ce ram ic s  th e m s e lv e s  a r e  s u b je c t  t o  e x p an s io n  and c o n t r a c t i o n  w i th  
tem perature  v a r ia t io n .  Some experim ents w ith  a r e a d i ly  constructed  é ta lo n  
proved i t s  suspected s u s c e p t ib i l i t y  to tem perature  and shock v a r ia t io n .  I t  
was concluded th a t  the  type of é ta lo n  system req u ired  fo r  t h i s  a p p l ic a t io n  
would be un su itab le  in  f i e l d  equipment of the type requ ired .
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F ig u re  5.3.1 A F a b ry - P e ro t  é ta lo n  fo r  la s e r  tuning
The é ta lo n  doubles as the output coupler
BirafrAngent - Filter
A b iré f r in g e n t  f i l t e r  i s  a combination of r e ta rd a t io n  p la te s  and p o la r iz e r s  
to  c r e a t e  a t r a n s m i s s i o n  c h a r a c t e r i s t i c  o f  e q u a l ly  spaced  p ass  bands. 
F i l t e r  d e s ig n  d i c t a t e s  passband  s e p a r a t i o n  and w id th .  T h is  ty p e  of 
wavelength s e le c t io n  i s  d iscussed  in  more d e ta i l  than the previous methods 
a s  i t  seems to  o f f e r  th e  b e s t  p r a c t i c a l  c o n v e n t io n a l  s o l u t i o n  to  th e  
p roblem . However, a p r e c i s e  d e s ig n  i n  t h i s  a p p l i c a t i o n  was r e j e c t e d  i n  
fa v o u r  o f  th e  te c h n iq u e  f i n a l l y  adop ted  f o r  th e  p r o j e c t ,  and w hich i s  
described in  s e c t io n  5.5. A simple b i ré f r in g e n t  f i l t e r  i s  designed in  the 
sub-sec tions  below ( a f t e r  Evans, 19*^ 9)» i l l u s t r a t i n g  the s u i t a b i l i t y  of the  
type fo r  XeCl DIAL, Reference i s  made to  a simple example which has been 
a p p l i e d  to  th e  tu n in g  o f  a dye l a s e r  (Yarborough and H obart ,  19T5). The 
theory behind the b i ré f r in g e n t  f i l t e r  i s  given in  appendices A5.1 to  A5.3.
5.4.1 B iréfringent., F i l t e r ,  Design
In a simple b i ré f r in g e n t  f i l t e r  w ith  no tuning f a c i l i t y  the p o la r iz e r  axes 
are  p a r a l le l .  The b i ré f r in g e n t  element slow axes are  p a r a l l e l  but a t  45° to 
the  p o la r iz e r  axes. This g ives  a t ru e  zero transm ission  between pass bands 
(Evans, 1949). The p r in c ip a l  fe a tu re s  fo r  a b i ré f r in g e n t  f i l t e r  design  are  
th e  passband  w id th ,  , and th e  passband  s e p a r a t i o n ,  A X  , These depend 
upon the th ickness  of the  th in n e s t  b i r é f r in g e n t  element, d^, the number of 
u n i t s ,  M, in  the  f i l t e r  and the  d if fe ren ce  between the  ex tra -o rd in a ry  and 
o rd in a ry  i n d i c e s  o f  r e f r a c t i o n  o f  th e  c r y s t a l .  The r a d i a t i o n  and i t s  E- 
v e c to r  (see  f i g u r e  A5.1) a re  t r a n s m i t t e d  i n t o  th e  p l a t e  i n  a d i r e c t i o n  
w hich  i s  p e r p e n d ic u la r  to  th e  axes  o f  r e f r a c t i o n ;  i e ,  th e  c r y s t a l  i s  c u t  
a lo n g  th e  p lan e  of th e  axes o f  r e f r a c t i o n .  The l i m i t  on th e  t h i n n e s t  
element i s  s e t  by the  minimum requirem ent on passband sep a ra t io n  req u ir in g  
d e r i v a t i o n  o f  a r e l a t i o n  be tw een  A X  and d^. The bandw id th  re q u ire m e n t
determ ines the th ickness  of the  th ic k e s t  b i ré f r in g e n t  element and th e re fo re  
s e t s  th e  number o f  u n i t s  (by e q u a t io n  (5*4.3). Thus, i s  r e l a t e d  to  d^ 
f o r  d i f f e r e n t  M. These r e l a t i o n s  a r e  shown i n  f i g u r e s  5 .4 .1 , p l o t t e d  from 
th e  a n a l y s i s  below w i th  r e g a rd  to  w av e len g th  s e l e c t i o n  be tw een  th e  d u a l  
w av e len g th  XeCl* l a s e r  o u tp u t .  The b i r é f r i n g e n t  f i l t e r  d e s c r i p t i o n  and 
a n a ly s is  given in  appendices A5.1, A5.2 and A5.3 provides the  equations f o r  
f i l t e r  design.
The passband  w id th ,  , i s  r e l a t e d  to  t h i n n e s t  e lem en t t h i c k n e s s ,  d^, i n  
c o n ju n c t io n  w i th  th e  number o f  e le m e n ts ,  M, by e q u a t io n  (A5.2.4a), 
expressed as
= X^^/(2^d^(n^ -  hg) + 2 X ,) ,  (5 .4 .1 )
where (n^ -  n^) i s  the  r e l a t i v e  r e ta rd a t io n  of the b i ré f r in g e n t  m a te r ia l
and i s  the  passband peak wavelength. In a p p l ic a t io n  to  the  XeCl* l a s e r  
sp ec tru m , w here th e  two w a v e le n g th s ,  a t  307.92nm and a t  308.17nm, a r e  
separa ted  by 2.5 R, passband w idths around 2.5 & are considered. P ra c t ic a l  
b i r é f r i n g e n t  e le m e n t  th i c k n e s s e s  and numbers p e r  f i l t e r  a r e  c o n s id e re d .  
Equation (5.4.1) i s  used, a t  the  wavelength region of 308nm, to  p lo t  f ig u re  
5.4.1(a) (where quartz  i s  considered  as  th e  b i r é f r i n g e n t  m a t e r i a l ,  g iv in g  
” f  “ *^ s ” 0*009; E.Hecht, O p t ic s ;  Evans, 1949).
The passband sep a ra t io n ,  AX, i s  shown in  r e l a t i o n  to  the th in n e s t  element 
th ick n ess ,  d-j, by f ig u re  5 .4 .1 (b ) ,  obtained by equation (A 5.2 .7a), g iven as
AX = X^^/(d^(n^ -  Ug) 4. (5 .4 .2 )
where A« i s  the  p r in c ip a l  wavelength of i n t e r e s t ,  a t  308nm in  t h i s  ease.
Figure 5.4,1 i s  used to  design the XeCl* la s e r  tuning f i l t e r .  The th ickness  
of the b i ré f r in g e n t  element, based on th a t  of the th in n e s t  element, i s  
g iv e n  by e q u a t io n  (A5.1.9) a s
d„ = zM-ld,. (5.4.3)
Tuning of the  f i l t e r  i s  described  in  appendix A5.3, w ith  the  method shown 
in  a p p l ic a t io n  to  tuning the  XeCl* l a s e r  output, given in  s ec t io n  5.4.2(b),
5 .4 .2
5 .4 .2(a) .Baaip ,Q9n@id.9ratl%Rl
The XeCl* l a s i n g  sp ec tru m  i s  g iv e n  i n  f i g u r e  4.9.4, showing th e  peaks  a t  
3 0 7 .9 2 nm and a t  308.17nm. The passband sep a ra t io n  must be la rg e  enough to  
exclude a l l  em itted  ra d ia t io n ,  occurring  w ith in  a wavelength reg ion  o f  10 
Thus, the  value fo r  AX should be l im i te d  to  a minimum of 10 so th a t ,  
by f i g u r e  5 .4 .1 (b), th e  t h i n n e s t  p l a t e  t h i c k n e s s ,  d.], i s  l i m i t e d  to  a 
maximum of 10mm, The th ic k e s t  p la te  (by combination o f  the  number of u n i t s ,  
M, and th e  t h i c k n e s s ,  d.j) d e te r m in e s  th e  passband  w id th ,  B^. The XeCl* 
l a s i n g  peaks  a re  s e p a r a te d  by 2.5 I f  th e  p ass  bandw id th  were to  be 
l im i te d  to  1.5 & and j u s t  3 u n i t s  were to  be employed, then f ig u re  5.4.1(a) 
g ives a th in n e s t  element th ickness  o f  8.5mm. The th ic k e s t  element i n  t h i s  
c a se  i s  34mm t h i c k ,  by e q u a t io n  5.4.3. The passband  s e p a r a t i o n  ( f i g u r e  
5 .4 .1(b)) i s  now 12 The b i r é f r i n g e n t  e lem en t t h i c k n e s s e s  and f i l t e r  
s p e d i f i c a t i o n s  a r e  l i s t e d  i n  t a b l e  5.4.1, The p l a t e s  a r e  drawn i n  s e c t i o n  
in  f ig u re  5 .4 ,2 ,
5.4.2(b)
Tuning o f  th e  f i l t e r  d e s ig n ed  above i s  c a r r i e d  o u t  by in t r o d u c in g  a 
re ta rd in g  quarter-wave p la te  per element of the f i l t e r ,  a f t e r  Evans (1949). 
The p r in c ip a l  ax is  of the  quarter-w ave p la te  i s  pos it ioned  p a r a l l e l  to  the  
a x i s  o f  th e  p ro c e ed in g  p o l a r i z e r ,  o f  th e  same u n i t .  The m echan ics  o f  th e  
method involve r o ta t io n  of each element by a d i f f e r e n t  angle. The fo llow ing  
a n a l y s i s  d e s c r ib e s  how th e  a n g u la r  v a r i a t i o n  be tw een  th e  u n i t s  i s  
q u a n t i f i e d  f o r  tu n in g  th e  o u tp u t  from th e  XeCl l a s e r .  The b a s i s  f o r  th e  
a n a l y s i s  i s  g iv e n  i n  append ix  A5.3. A s c h e m a t ic  d iag ram  f o r  th e  tu n a b le  
f i l t e r  i s  g iv e n  i n  f i g u r e  5.4 .3 . The f i r s t  u n i t  (M=1 ) rem a in s  f i x e d  w i th  
re sp ec t  to  the  ins trum en t ax is .  The second u n i t  (M=2) i s  ro ta te d  through an 
angle 6-j, r e l a t i v e  to  the ins trum ent ax is .  The t h i r d  u n i t  (Ms3) i s  ro ta te d  
th ro u g h  an a n g le  0g, r e l a t i v e  to  th e  a x i s .  The f i n a l  p o l a r i z e r  i s  r o t a t e d  
through an angle 0g.
E q u a tio n  (A5.3.10) i s  a p p l i e d  t o  th e  XeCl* l a s e r  wav l e n g th  a t  308,17nm, 
using the  s p e c i f ic a t io n  of the  f ix ed  spectrum b i ré f r in g e n t  f i l t e r ,  designed 
above, to give the  d e s ired  angle between the ax is  of the  quarter-w ave 
p l a t e  and th e  a x i s  o f  th e  f o l lo w in g  p o l a r i z e r ;  i e .  th e  a n g le  be tw een  
s u c c e s s iv e  u n i t s  o f  th e  f i l t e r .  Thus, th e  r e s p e c t i v e  a n g le s  a r e  g iv e n  by 
equation (A5.3.10) in
s 2^“’^ (7T d^(n|* -  Hg)/ Xg) -  K . in te g e r  value of 2^“*^(d^(nj. -  n^)/ X%)
(5 .4 ,4 )
which provides the  ap p rop ria te  r e l a t i v e  angles w ith  values  l e s s  than 180°. 
The r e l a t i v e  angles between u n i t s ,  in  t h i s  case, fo r  tuning a transm iss ion  
peak on to  308.17nm, a r e  s 67 .8°; p ^  " 135.6°; p ^  = 91.2°. The a n g le .
9^, which each u n i t  must be s e t  to ,  w ith  re sp ec t  to  the ins trum ent a x is ,  i s  
given by the sum of the proceeding r e l a t i v e  angles , given by (A5.3.8) as
0j,5 = Z  (5 .4 ,5 )
E q u a tio n  (5.4.5) i s  e v a lu a te d  to  s e t  th e  u n i t s  a t  th e  a n g le s  shown i n  
f i g u r e  5.4.31 = 67.8° (247 .8°) ;  Gg = 203.4° (23 .4°) ;  9g % 294.5°
(114.5°) . The b ra c k e te d  f i g u r e  a r e  th e  180° e q u i v a l e n t s ,  i f  such  a 
d i r e c t i o n  were to  be more c o n v e n ie n t ly  a p p l ie d  i n  a p h y s ic a l  s i t u a t i o n .  
These d i re c t io n s  would be shown on a graduated sca le  on the  u n i t s .
The w av e len g th  s h i f t ,  n e c e s sa ry  to  tu n e  the  XeCl* l a s e r ,  i s  2,5 T his  
s h i f t  i s  a ch ie v e d  by a d j u s t i n g  th e  a n g le s  betw een th e  f i l t e r  u n i t s .  The 
a d d i t io n a l  r e l a t i v e  angle between u n i t s  i s  given by (A5.3.2) as
/>a ) '  (5 .4 .6 )
Where i s  the  o r ig in a l  angle between the f i r s t  two u n i ts ,  when tuned to  
the  wavelength and where i s  the  added angle between the f i r s t  two 
u n i t s ,  c r e a t i n g  a w av e len g th  s h i f t  over the  t r a n s m i s s i o n  sp ec tru m . The 
s h i f t  of the  tran sm iss io n  peak from wavelength to  \j> i s  r e la te d  to  the  
corresponding angular ro ta t io n ,  , between the f i r s t  and the  second u n i t s  
i n  the  express ion  (by (A5.3.6))
/ \p  s TV d^(n^ — Ug)( Ag “ ) /  9 (5*4.7)
w hich  i s  used  to  s e t  th e  new r e l a t i v e  a n g le s  o f  a l l  th e  u n i t s  f o r  th e  
d es ired  wavelength s h i f t .  Thus, the  angles , 8^, about the  instrum ent ax is ,  
a r e  d e f in e d  by u s in g  e q u a t io n  (5 .4 .5) , The n e c e s sa ry  a n g u la r  r o t a t i o n  f o r
each u n i t  ( i s  p l o t t e d  f o r  w av e len g th  v a r i a t i o n  i n
f ig u re  (showing the s h i f t  to  the  307.92nni l a s e r  peak) which inc ludes
the  r e l a t i v e  angles and s e t t in g s ,  w ith  respec t to  the  instrum ent a x is ,  fo r  
tu n in g  a peak to  308.T7nm. F ig u re  5.4.4 shows t h a t  th e  tu n in g  a c c u ra cy  
which may be expected i f  the  angular movement could be co n tro l le d  to ,  say, 
w i t h i n  2®, i s  0.14 A. The a n g le s  and 6^ , f o r  tu n in g  to  308.l7nm, and 
the s h i f t s ,  fo r  tuning to  307.92nm, are given i n  t a b le  5.4.1.
In  th e  f i n a l  f i l t e r ,  i n  each  u n i t ,  i l l u s t r a t e d  i n  f i g u r e  5.4.3» th e  
p o la r iz e r  ax is  and quarter-w ave p la te  p r in c ip a l  axes a re  p a r a l l e l  but a t  
45® to  th e  p r i n c i p a l  a x i s  o f  th e  b i r é f r i n g e n t  e lem en t .  Tuning i s  c a r r i e d  
o u t  by r o t a t i n g  each  u n i t  ( th e  f i r s t  one, M=1, i s  f ix e d )  and th e  f i n a l  
p o la r iz e r .  F i l t e r  s p e c i f ic a t io n  i s  given in  ta b le  5.4.1.
A r e la t iv e ly  simple and tunab le  b i ré f r in g e n t  f i l t e r  was the  sub jec t  of a 
U n ited  S t a t e s  P a te n t  by Yarborough and H obart (1975) who d es ig n ed  a 3 
element u n i t  fo r  the  i n t r a  cav ity  tuning o f a dye l a s e r .  The necess ity  fo r  
p o la r iz e r s  was avoided by opera ting  the  f i l t e r  a t  B rew ster 's  angle to  the  
o p t ic a l  ax is ,  given by
ta n  s ny/n^» (5.4.8)
where n^ i s  the r e f r a c t iv e  index of the b i ré f r in g e n t  element and i s  the 
r e f r a c t i v e  in d ex  o f  th e  su r ro u n d in g  a i r .  The tu n in g  method u t i l i s e s  th e  
i n c l i n a t i o n  o f  t h e  f i l t e r .  A p p en d ix  A5.1 g i v e s  t h e  t h e o r y  b e h in d  
b i ré f r in g e n t  f i l t e r  opera tion  which must preceed the  fo llow ing  explanation. 
Figure 5.4.5 shows one b i ré f r in g e n t  p l a t e  i n c l i n e d  a t  th e  B re w s te r  a n g le .  
The f a s t  (F) and slow (S) axes  have been r e s o lv e d  i n t o  th e  f a s t  component 
( f )  and th e  slow component ( s ) .  A lthough th e  r a d i a t i o n  i s  no t  i n c i d e n t
a lo n g  e i t h e r  th e  f a s t  or th e  slow  a x i s  i t  can be r e s o lv e d  i n t o  a f a s t  
component and a slow component, c re a t in g  a c e r ta in  phase s h i f t  on passage 
through the c ry s ta l .  I f  the  element i s  ro ta te d  about i t s  slow (S) a x is ,  the 
e f f e c t iv e  slow component of the  r a d ia t io n  i s  u n a lte red  w hile  the change in  
th e  e f f e c t i v e  f a s t  in d ex  o f  r e f r a c t i o n  changes th e  f a s t  r a d i a t i o n  
component. The new d if fe ren c e  in  phase, thus induced, s h i f t s  the peaks of 
th e  t r a n s m i s s i o n  sp ec tru m , th e  f i l t e r  hav ing  been tu n ed  to  a n o th e r  
wavelength s e r ie s .  The f i l t e r  elem ents, in  the example of Yarborough and 
H o b art ,  fo l lo w  a d i f f e r e n t  in c re m e n t  (4^*^ r a t h e r  th a n  2^^^) to  t h a t  
suggested in  the  design fo llow ing  Evans, probably because i t  was app lied  to  
a dye l a s e r  w i th  a b ro a d e r  s p e c t r a l  g a in  cu rv e .  The su g g e s te d  p l a t e  
th i c k n e s s e s  o f  th e  o r i g i n a l  d e s ig n ,  above, would be adhered  to  b u t  th e  
p o la r iz e r s  would be om itted  i n  opera ting  the  f i l t e r  a t  the Brewster angle.
5 .4 .3
The b i r é f r i n g e n t  f i l t e r  may be used  to  s e l e c t  th e  a p p r o p r ia t e  XeCl^ 
wavelength, e i th e r  by i t s  i n s e r t io n  w i th in  the l a s e r  o p t ic a l  cav ity , where 
th e  n o n - l i n e a r  n a tu r e  o f  th e  g a in  would sh a rp en  th e  tu n in g  cu rv e  o f  th e  
f i l t e r .  F u r th e r  a p p l i c a t i o n  o f  th e  b i r é f r i n g e n t  f i l t e r  would r e q u i r e  
c a lc u la t io n  of t h i s  e f f e c t .  A more complex type, beyond the design scope of 
t h i s  work, i s  the  r e f l e c t in g  b i ré f r in g e n t  f i l t e r ,  of s p l i t  elements (Evans, 
1949; F.K.von W lllisen , 1966), which may rep lace  the  t o t a l  r e f l e c to r  a t  the 
back of the l a s e r  cav ity . The o pe ra tion  of the  f i l t e r  as  a tunable p a r t  of 
the  cav ity  would probably allow g re a te r  powers fo r  the output pulse. All in  
a l l*  th e  b i r é f r i n g e n t  f i l t e r ,  i n  one form o r  a n o th e r ,  i s  an o p t io n  f o r  















(a) Passband-width vs« th in n e s t  element th ickness  fo r  
d i f f e r e n t  numbers of u n i ts
Figure 5 .4 .1  S pec tra l  transm ission  c h a r a c te r i s t i c s  of quartz  p la te  b i r é f r in g e n t  f i l t e r  as a func tion  o f  the  b i ré f r in g e n t  
element th icknesses  and number of u n i t s
polarizer b iré f r in g e n t f ilte r  plate
Po b, Ç b , P, b , P,
optical axis

































Figure 5.4=4 XeCl l a s e r  tuning by b i ré f r in g e n t  f i l t e r .  The angular v a r ia t io n  between the  ax is  of each quarter-wave p la te  and 
the ax is  o f  the  fo llowing p o la r iz e r ,  between the th ree  u n i t s  
of a b i r é f r in g e n t  f i l t e r .  The re sp ec tiv e  wavelength s h i f t s ,  4 ^ 
from a p o s i t io n  tuned to  308,17nm, the  r e l a t i v e  a n g le s , / ? ,  
between u n i t s  tuned to  the  308,17nm peak, and the angular 




F igure5.4.5 A b i ré f r in g e n t  p la te  operated as  a f i l t e r  a t  the  Brewster
angle fo r  easy tuning (Yarborough and Hobart, 1975)
Table 5 .4 .1  S p é c if ic a t io n  of a B iré fr in g en t  F i l t e r  
XeCl Laser Wavelength S e lec t ion ,
Parameter Symbol Value
Bandwidth 1.5 Ü
Passband Separa tion A X 12 &
Number of elements M 3
Element th ickness ^1 8.5 ram
^2 17.0 mm
^3 34.0 mm
Angle between u n i ts P \ 67.8°fo r  tuning to  308.17nm
/ 2 135.6°
/ 3 91.2°
Angle of u n i t s  about 01
0 2
67.8° (247.8°)instrum ent ax is  fo r  
tuning to  308,17nm 203.4° (23.4°)
®3 294.5° (114,5°)
Angular increment fo r A/^1 36.3°s h i f t in g  passband 
to  307.92nm 72.6°
A /3 145.1°
Bracketed angles a re  180° equ ivalen ts
5.5
D i f f e r e n t i a l  a b s o r p t io n  l i d a r  (DIAL) has t r a d i t i o n a l l y  used  two p u l s e s ,  
each o f  un ique  w a v e le n g th ,  pe r  sample® C hap ter  9 d e s c r ib e s  DIAL th e o ry  
app lied  to  t h i s  case, po in ting  out the  c an c e l la t io n  of atmospheric e f f e c t s  
by r a t i o i n g  r e t u r n  s i g n a l  pow ers. The methods o f  d i s t i n c t  w av e len g th  
s e l e c t i o n  and t h e i r  a p p l i c a t i o n ,  where p o s s ib l e ,  to  th e  d ua l w av e len g th  
XeCl* e m is s io n  ( f i g u r e  4.9.4) have been d e s c r ib e d  i n  th e  p ro c e ed in g  
s e c t i o n s .  C hap ter  9 a l s o  d e s c r ib e s  a novel method, i n  DIAL, where th e  
r e l a t i v e  i n t e n s i t i e s  o f  the  two peaks are  modified fo r  one of the pulses. 
The o ther pulse i s  an u n a lte red  dual wavelength transm iss ion . This s e c t io n  
e x p la in s  th e  method o f  m o d i f i c a t i o n  by i n s e r t i n g ,  w i t h i n  th e  o p t i c a l  
c a v i t y ,  a c e l l  c o n ta in in g  a g a s  w hich has d i f f e r e n t  a b s o r p t io n  c ro s s  
s ec t io n  a t  the two XeCl* l a s e r  l in e s .  The gas chosen fo r  the c e l l  i s  SOg.
5,5.1 ilg l lJ?i2g£fXQlg.ntg.
L a se r  o u tp u t  i s  c o n s id e re d  a s  th e  number of p h o to n s ,  n^, e m i t t e d  a t  
wavelength and the number, n^, em itted  a t  wavelength Xg. An u na lte red  
l a s e r  o u tp u t  e m i ts  + ng pho tons . I f  a c e l l  o f  a d i f f e r e n t i a l l y  
a b so rb in g  gas  i s  i n s e r t e d  w i t h i n  th e  l a s e r  o p t i c a l  c a v i t y  a s  shown i n  
f i g u r e  5.5,1 th e n  th e  component a t  th e  w aveleng th  X^  i s  m o d if ied  by a 
c o e f f i c i e n t ,  a , l e s s  th a n  u n i ty  and th e  component a t  Xg i s  m o d if ie d  by a 
s im i la r  c o e f f ic ie n t ,  b, so th a t  the  e n t i r e  pulse i s  of an^ -t- bng photons. 
The c o e f f ic ie n ts  a and b are  expressed by considering the  net a m p lif ic a t io n  
of photons in  t r a v e l l in g  w i th in  the  bounds of the  o p t ic a l  cav ity  of f ig u re
5.5.1. I f  no c e l l  i s  p r e s e n t ,  th e n  an i n i t i a l  number o f  pho to n s ,  n^, o f  
wavelength are  am plif ied  to  give n  ^ photons, em itted  according to  the 
expression
n,  = n^.expC - D / 2 )  - 1 ) / ^ ) . ( 1 - ^ ' ' ) ,  (5 .5 .1 )
w here / fç,  i s  th e  number o f  s i n g l e  p a s s e s  of th e  gas c a v i t y  which has an 
a c t iv e  leng th  oi i s  the  net a m p l i f ic a t io n  c o e f f ic ie n t  of the  l a s e r  medium
and and a re  th e  back m i r r o r  and o u tp u t  c o u p le r  r e f l e c t i v i t i e s ,
r e s p e c t i v e l y .  I f  an a b s o r p t io n  c e l l  i s  i n s e r t e d ,  th e n  e q u a t io n  (5.5.1) i s  
modified by the  abso rp tion  term due to  the  c e l l  m a te r ia l  i t s e l f  and to  the 
gas to  give
an^ s n^,exp( ^ ), )/2).(^((/C:-1)/2)^^ <)^"),K.exp(- j\Tq cs'iN.jx),
(5 .5 .2 )
where I s  the  absorp tion  c ro s s -s e c t io n  a t  wavelength X^, x i s  the  gas 
p a th  le n g th ,  i s  th e  c e l l  gas  m o le c u la r  number d e n s i t y  and K i s  th e  
g e n e r a l i s e d  f a c t o r  to  a c c o u n t  f o r  c e l l  m a t e r i a l  a b s o r p t io n  and o th e r  
l o s s e s .  Taking th e  r a t i o  o f  e q u a t io n s  (5.5.1) and (5.5.2) g iv e s  th e  
app rop ria te  c e l l  c o e f f ic ie n t  as
a s K.exp(-A/^ c5^i Nij.x). (5.5*3)
S im ila r ly ,  fo r  wavelength X g ,  the o ther c e l l  c o e f f ic ie n t  i s  given by
b s K.exp(- X q (5.5.4)
where i s  th e  a b s o r p t io n  c r o s s - s e c t i o n  a t  A2 » I t  i s  c o n v e n ie n t  to  
e x p re s s  th e  gas  number d e n s i t y  as  p r e s s u r e ,  P ( to r r )  so a c o n v e r s io n  i s  
app lied , w ith  d e r iv a t io n  given in  appendix A9.1 (A9.1.7) to  give
a = K.expC-9.657 X 10^^. .x .P ( to r r ) /T (°K ) l  (5 .5 .5 )
and
b = K,exp[-9.65T X 10^^. <j'2.x,P(torr)/T(°I()], (5.5,6)
where T(°K) i s  the c e l l  tem perature.
The f e a s i b i l i t y  o f  th e  SOg c e l l  i n  DIAL i s  j u s t i f i e d  on an o p e r a t i o n a l  
b a s i s  i n  c h a p te r  9, u s in g  th e  e x p re s s io n s  (5.5.5) and (5 .5 .6) , I t s  p h y s ic a l  
s u i t a b i l i t y  i s  b a s e d  on i t s  r o b u s t n e s s  and  low  c o s t .  W a v e le n g th  
m o d i f i c a t io n  i s  o b ta in e d  by s im p ly  p la c in g  th e  c e l l  w i t h i n  th e  o p t i c a l  
cav ity , between the B rew ste r . window and the output coupler, A quartz  c e l l  
was f i t t e d  w i th  a f l e x i b l e  c o n n e c t io n  to  a b e l lo w s  v a lv e  to  p e rm i t  
a d ju s tm e n t  o f  p r e s s u r e .  The c e l l  i s  mounted on a d i s c  w hich i s  r o t a t a b l e  
between the  "in" and "out" p o s i t io n s  by a two p o s i t io n  motor. A photograph 
o f  th e  hou s in g  c o n ta in in g  th e  c e l l  a ssem bly  and p e r i p h e r a l s  i s  shown i n  
f ig u re  5.5.2. Cell sw itch ing  i s  accomplished by a motor d r ive  supply u n i t  
operated by lo g ic  c i r c u i t s  from a synchronising t r ig g e r  pulse taken from 
the main l a s e r  t r ig g e r  u n i t .  The c i r c u i t ,  drawn i n  f ig u re  5.5.3, a llow s the 
c e l l  to  be p la c e d  w i t h i n  th e  o p t i c a l  c a v i ty  f o r  every  a l t e r n a t e  l a s e r  
pulse. In the  adopted method, the  c e l l  was in s e r te d  as  described and then 
removed to  a l lo w  f r e e  pa ssag e  o f th e  dua l w a v e len g th  l a s e r  p u ls e .  The 
e f f e c t  o f  th e  c e l l  i t s e l f  must be ta k e n  i n t o  a cco u n t by th e  f a c t o r  K. An 
a l t e r n a t i v e  p ro c ed u re  would be to  i n s e r t  an e v acu a ted  c e l l  f o r  th e  
u n m o d if ied  p u l s e ,  a l lo w in g  easy  c a n c e l l a t i o n  o f  th e  f a c t o r  K i n  th e  DIAL 
a n a l y s i s .  For th e  pu rpose  o f  a model th e  v a lu e  o f  K i s  d e f in e d  by 
experiment.
5.5.2(a) Cell Speoifioation
The dimensions of the quartz  c e l l  a re  in d ica ted  i n  ta b le  5,5.1, Experiments 
have e s ta b l ish e d  the optimum SOg o e l l  pressure  fo r  the c e l l  between 30 and 
100 t o r r .  In  c h a p te r  9 a t h e o r e t i c a l  t r e a tm e n t  o f  DIAL SOg m easurem ent, 
using the absorp tion  c e l l  technique, defines  an optimum c e l l  p ressure  fo r  
d e s i r e d  accu racy  and s e n s i t i v i t y  to  SOg c o n c e n t r a t i o n .  The m ech an ica l  
sw itch ing  r a t e  w ith  the p resen t se t-u p  allows a maximum la s e r  r e p e t i t i o n  
r a t e  of 10 pps f o r  a d ja c e n t  t r a n s m i s s i o n  o f  DIAL p u ls e  p a i r s .  This  i s  a 
po in t to be improved upon, considering  th a t  s t a t i c  f i l l  l a s in g  can be taken 
to  20 pps (see  c h a p te r  4).
5 .5 .2(b) M odification  of the  XeCl  ^ Laser Output Spectrum
The e x p re s s io n s  (5 .5.5) and (5 .5 .6 ) , a p p l i e d  to  a c e l l  o f  SOg, can show th e
ath e o re t ic a l  r e l a t i v e  low ering o f the  peaks of the  XeCl la s in g  spectrum i f  
a r e a s o n a b le  v a lu e  f o r  the  number of s i n g le  p a s s e s  o f  th e  c a v i t y ,  i s  
used. An u n a l t e r e d  l a s i n g  sp ec tru m  i s  shown i n  f i g u r e  4.9.4, E xperim en ts  
were c a r r ie d  out using an o p t ic a l  spectrum an a ly se r  (OSA) w ith  a hard copy 
f a c i l i t y  to in v e s t ig a te  the m o d if ica tion  of the la s in g  spectrum by the SOg 
a b s o r p t io n  c e l l .  Examples of th e  m o d if ie d  sp ec tru m  f o r  d i f f e r e n t  o e l l  
p r e s s u r e s  a r e  shown compared to  th e  un m o d if ied  spec trum  in  f i g u r e  5.5.4 
w ith  an a r b i t r a r y  i n te n s i ty  sca le .  The r a t i o  of the two wavelength peaks i s  
p lo t te d  ag a in s t  a v a r ia t io n  in  c e l l  pressure. In t h i s  way, by ra t io in g ,  in  
th e  th e o ry ,  e q u a t io n s  (5 .5.5) and (5*5.6) th e  f a c t o r  K i s  e l im in a te d .  The 
m o d if ie d  e x p e r im e n ta l  r a t i o s ,  o b ta in e d  from f i g u r e  5.5.4 a t  d i f f e r e n t  
p r e s s u r e s ,  a re  t a b u l a t e d  w i th  th e  r e s p e c t i v e  c e l l  p r e s s u r e s  i n  t a b l e  
5 .5 .2(a) and a r e  p l o t t e d  i n  f i g u r e  5.5.5. The n a t u r a l ,  un m o d if ied  r a t i o ,  
n-j/iig = 0.6757, i s  t h a t  a t  a c e l l  p r e s s u r e  o f  z e ro ,  w here  a = b = K, T his  
s e t s  th e  z e ro  p r e s s u r e  r a t i o  to  be a p p l i e d  i n  a t h e o r e t i c a l  a p p l i c a t i o n ,  
although more r igorous  experim ental evidence gave a r a t i o  of 0,6915 ( tab le
4.9-3) f o r  use  i n  a DIAL model ( c h a p te r  9)- The t h e o r e t i c a l  r a t i o s ,  u s in g  
(5.5.5) and (5 .5 .6 ) ,  a r e  g iv e n  by
an^ /bug  = (n i /n g ) .e x p t -9 .6 5 T  X 10^^L//gX(</i -  dfg)P(to rr)/T (°K )]. (5.5.7)
Known p a ra m e te r  v a lu e s  f o r  e q u a t io n  (5-5-7) a re  g iv e n  i n  t a b l e  5 .5.1,
leav ing  the  value of the number of s in g le  passes of the  cav ity ,  to  be
d e f in e d .  The maximum v a lu e  f o r  i s  g iv en  by th e  te m p o ra l  fwhra o f  th e  
l a s e r  pulse , 32 ns., which i s  en tered  in to  the expression
K  max = (5 .5 ,8 )
to  give
PPq max “ ^0. (5 .5 .9 )
The e x p e r im e n ta l  ev id en ce  s t a t e d  i n  t a b l e  5 .5.2(a) i s  used  i n  e q u a t io n  
(5.5.7) to  d e f in e  a v a lu e  f o r  a s  an av erag e  o b ta in e d  from th e  th r e e
v a lu e s  g iv e n  p e r  c e l l  p r e s s u r e  i n  t a b l e  5.5.3. The v a lu e s ,  see m in g ly ,  do
n o t fo l lo w  a p r e s s u r e  dependen t d i s t r i b u t i o n ,  a l r e a d y  v e r i f y i n g  th e  
v a l i d i t y  of equation (5.5.7), and they a re  averaged to  give
= 2.36. (5.5.10)
T h is  v a lu e  o f  ATq can  now be used  i n  e q u a t io n  (5.5.7) to  p r e d i c t  th e  
n o rm a liz e d  t h e o r e t i c a l  spec trum  peak r a t i o s ,  t a b u l a t e d  i n  t a b l e  5 .5.2(b) 
and p l o t t e d  a s  a f u n c t i o n  o f  c e l l  p r e s s u r e  i n  f i g u r e  5.5.5 ( in c lu d in g  th e  
e x p e r im e n ta l  p l o t ) .  The s l i g h t  v a r i a t i o n  be tw een  e x p e r im e n ta l  and 
th e o re t ic a l  p lo ts  i s  the  r e s u l t  of averaging to  f in d  //„<•
The value of K i s  e s tim ated  from measurements of the  peak i n t e n s i t i e s  as 
obtained w ithout an i n t r a  cav ity  c e l l  and w ith  an evacuated i n t r a  cav ity  
c e l l .  The m easu rem en ts ,  g iv e n  i n  t a b l e  5*5,4 f o r  each  peak a re  on an 
a r b i t r a r y  sca le  but a re  r a t io e d  in  the general express ion
K = (a ,b .n i^ g ^ c e l l  v a c u u m ^ ,2 ^no cell® (5 ,5 ,11)
w here a s b s K f o r  an  ev ac u a ted  c e l l  and a s b s 1 where t h e r e  i s  no 
c e l l .  This  g iv e s  an av erag e  v a lu e  o f  0.82 f o r  K, a p p l i c a b l e  to  a l i d a r  
model.
The exerc ise  in  defin ing  the  param eters ATq and K, above, i s  of prime value 
i n  l i d a r  and DIAL m odels . However, th e  d a ta  h a n d l in g  te c h n iq u e  o f  th e  
o p e r a t i o n a l  DIAL system  s h o u ld  c o n ta in  a method f o r  t h e i r  a u to m a t ic  
de term ina tion  or c o rre c t io n  f o r  inaccurac ies .
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Figure 5 .5 .1  Schematic o f  the absorption c e l l  w ith in  the la se r  o p tic a l c a v ity
Figure 5 .5 .2 (a )  Absorption c e l l  housing and la se r  output coupler 
(b) The absorption  c e l l  in  s i tu
MOTOR
O s c i l la fo r
On/Off
Pow er  Supply 
w ith  
High an d  Low V
Divide by Two
M a n u a l
S te p
Power Amp.T r i g g e rIn p u t
Figure 5,5,3 Block diagram of the  c i r c u i t  of the c e l l  s w i tch in g  u n i t ,  
The c e l l  motor i s  sw itchable by an e x te rn a l  t r ig g e r  o r  
an i n t e r n a l ,  v a r ia b le  r a t e ,  o s c i l l a t o r .
no cel l
e v a c u a t e d  cell
30 t o r r  cell SO, c e l l
60 to r r  cell
120 to r r  cell
120
307-92 3 0817
w aveleng th ,  X , | n m )
Figure 5.5 M odification o f  the  XeCl la s in g  spectrum by an abso rp tion  c e l l  w ith in  the o p t ic a l  c av i ty .
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Figure 5.5.5 Modified peak r a t i o s  as a func tion  of c e l l  p ressure
%Tàble 5,5.1 Modifioation of the Xed Laser Output Spectnro by an Intra-cavity Absorption Cell: Parameter Values for a 
Theoretical Treatment using Equation (5.5.7),
Parameter SSymboL Value
Unmodified pealc ratio V " 2 0.6757
Active cell length X 0.01 ra
Cell temperature (lab) T 290 \
X-section differenoe(Brassington) 9.5 X 10”^^
Laser optical cavity length L 0.95 ra
Pulse Afbm T 32 ns
Thble 5.5.2 Cell Pressure vs. Ifedified Peak Ratica
Cell Pressure Ratio an/bng





Thble 5.5.3 Experimental Values (no, of sip^e passes of the
laser cavity) per cell pressure.




Thble 5.5.U Intensities of the Peal<B (arbitrary units) asObtained with an Evacuated Cell and with Mo Cell to
give the Cell Effect expressed ty the factor K,
Situation an.j bn^
no cell (a=b=1) 117 166evacuated cell (a=b=K) 95 139
5.6 jgaBQlusjpn__
In a l l  the  methods of wavelength s e le c t io n  or tuning of the  XeCl^ l a s e r  the 
emphasis was placed on f ind ing  a technique fo r  which the  equipment could be 
designed and manufactured " in  house". The requirem ent, in  c e r ta in  cases, of 
p r e c i s e l y  made g r a t i n g s ,  é t a l o n s  o r  b i r é f r i n g e n t  p l a t e s  would have 
n e ce ss i ta te d  the  spec ify ing  and purchasing of such c o s t ly  item s a t  the r i s k  
o f  f in d i n g  th e  method u n s u i t a b l e  f o r  t h i s  p a r t i c u l a r  a p p l i c a t i o n .  The 
equ ipm ent f i n a l l y  c o n s t r u c t e d  f o r  th e  DIAL system  m eets  th e  tw in  
requirem ents  of tuning and i n s e n s i t i v i t y  to  shock and misalignment.
The p re v io u s  s e c t i o n s  o f  t h i s  c h a p te r  have d i s c u s s e d  th e  c o n s id e re d  
op tions , and have re je c te d  the  tran sm iss io n  and r e f l e c t io n  g ra t in g s  and the 
é t a l o n ,  A t e n t a t i v e  look  a t  th e  s p e c i f i c a t i o n  o f  a s im p le  b i r é f r i n g e n t  
f i l t e r  ind ica ted  i t s  s u i t a b i l i t y ,  given the necessary funds. The technique 
which was e v e n tu a l ly  used  f o r  t h i s  DIAL s e t - u p ,  i n  k eep ing  w i th  th e  
r e l a t i v e  s im p l ic i ty  of the r e s t  of the  system, was the  use of an absorbing 
g a s  c e l l ,  i n s e r t e d  i n t o  t h e  l a s e r  c a v i t y  t o  m o d ify  t h e  s p e c t r a l  
d i s t r ib u t io n  of the  l a s e r  output.
■R^.fQ.i2s,no.^ Æ^ fQ,r,.Ch ,^Rfcgr,...5.
B ra s s ln g to n  D.J; Tunable  Dye L a s e r  M easurem ents o f  th e  SOg A b so rp tio n  
S p e c tru m  B e tw e e n  290 and 317 nm«, C.E.R.L Lab. Note 
NO.RD/L/2055N81, Job  No.VC 299, June  1981; S u lp h u r  D iox ide  
Absorption C ross-sec tion  Measurements from 290 nra. to  317 nm,, 
Appl.Opt,, 20, 21, (1981)
Evans J.W; The B i r é f r i n g e n t  F i l t e r ,  J.Opt.Soc.Am., 39, 3, 229, ( 1949)
Heoht E; O ptics, Schaum’s O utline  S e r ie s ,  McGraw-Hill
Inoraata and Ig o r is h i ;  J ap an ,J .A p p l .P h y s . , 14, 11, p p .1751-50, (1975)
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Chapter 6 . _ _ Signal Handling
This c h a p te r  d e s c r ib e s  how th e  l i d a r  r e t u r n  s i g n a l s  a re  s to r e d  and 
in te rp re te d  to  give SOg co ncen tra tion  measurements. D escrip tion  i s  made of 
the s ig n a l  handling c i r c u i t s  and the  micro-computer con tro l and a n a ly s is  of 
da ta .  Operational d e t a i l s  a re  given in  chapter 10,
6,1 Requirement fo r  S ignal Measurement
In  DIAL, the measurement of re tu rn  s ig n a l  le v e l s  provides data from which 
atmospheric SOg concen tra tions  can be evaluated. The s ig n a l  re tu rn ed  from 
the smoke plume ta rg e t  i s  reproduced as  a voltage pulse ( ty p ic a l ly  lOmV to 
3 0 0 mV; s e e  c h a p t e r  8) a c r o s s  th e  o u t p u t  l o a d  r e s i s t o r  o f  th e  
p h o to m u lt ip l ie r .  In  the  present form of t h i s  DIAL system the pulse i s  used 
to define  the  range lo c a t io n  of the ta rg e t  sample, re q u ir in g  measurement of 
the  peak vo ltage  as  re p re se n ta t iv e  of the  r e tu rn  le v e l .  This i s  defined in  
th e  r e s t  of t h i s  t h e s i s  a s  th e  r e t u r n  photon c u r e n t s  n* and n", f o r  th e  
r e s p e c t i v e  p u ls e s  o f  a DIAL p a i r .  In  o rd e r  to  p ro v id e  th e  range  r e s o lv e d  
ta rg e t  measurement the presence of the  ambient SOg, over the  range to  the 
ta rg e t ,  i s  measured i n  a p re lim inary  DIAL sequence, g iv ing  an in te g ra te d -  
range r e s u l t  away from the ta rg e t .  The r e s u l t s  are  used in  the a n a ly s is  of 
a rep ea t  sequence, measuring th e  in teg ra ted -ran g e  r e tu r n  from the ta rg e t ,  
to  s u b t ra c t  the  ambient absorp tion , leav ing  a range reso lved  r e s u l t .
Measurement o f  pulse peaks i s  the  s im p les t ,  cheapest and most r e l i a b l e  way 
in  which re tu rn  measurements can be made in  the present XeOl l a s e r  DIAL 
system. I f  re tu rn  s ig n a l  l e v e l s  a re  to be measured a t  i n t e r v a l s  along the
r e t u r n  d i s t r i b u t i o n  (w here  th e  p u lse  w id th  may be only  100ns), then  an 
e x p e n s iv e ,  f a s t  sam p lin g  system  o f a t  l e a s t  10 MHz bandw id th , would be 
necessary. Peak voltage  l e v e l s  a re  n ece ssa r i ly  d ig i t i s e d  fo r  immunity from 
in te r fe re n c e  and fo r  s to rage  i n  micro-computer memory, from which they a re  
r e t r i e v e d  f o r  a v e ra g in g  i n  e r r o r  r e d u c t io n .  I n t e r p r e t a t i o n  o f  th e  
m easurem ents  a s  SOg c o n c e n t r a t i o n  i s  a ch iev ed  by i n s e r t i o n  i n t o  a DIAL 
a lg o r i th m ,  in t r o d u c e d  i n  e q u a t io n  (1,3*6) bu t  developed  f o r  a d i s t i n c t  
w av e len g th  c a se  and f o r  a mixed w av e len g th  case  i n  c h a p te r  9 to  g iv e  
e q u a t io n s  (9,1,10) and (9*5.8) r e s p e c t i v e l y .
The data  a c q u is i t io n  and a n a ly s is  i n  the XeCl^ l a s e r  DIAL system i s  c a r r ie d  
out by an Acorn Atom micro-computer which c o n tro ls  a s igna l measurement and 
d ig i t i s i n g  c i r c u i t  driven by the p h o to m u lt ip l ie r  and l a s e r  energy d e tec to r .  
P r e s e n t a t i o n  o f  th e  r e s u l t s  i s  v i a  VDU and p r i n t e r .  The s i g n a l  h a n d l in g  
system i s  described in  d e t a i l  below.
6,2 Signal Handling Girouit and Hardware
The process by which the s ignal handling c irc u it  accepts photomultiplier  
output s ig n a l s ,  to provide s ig n a l  return  l e v e l  data, i s  descr ib ed . The 
signal handling c ir c u i t s  are i l lu s tr a te d  and their  function i s  explained,
6,2,1 Signal Measurement and D ig i t i s in g
The s ig n a l  h a n d l in g  c i r c u i t ,  i n t e r f a c i n g  betw een the  d e t e c t o r s  and th e  
micro-computer, i s  i n  th re e  fu n c t io n a l  parts . These a re  the analogue, the  
d i g i t a l  and th e  l o g i c  c o n t r o l  c i r c u i t s ,  shown i n  the  b lock  diagram  of 
f i g u r e  6.2,1. F ig u re  6,2,1 s i m p l i f i e s  th e  e x p la n a t io n  of th e  com ple te  
c i r c u i t ,  i l l u s t r a t e d  in  f ig u re  6.2,3* The lo g ic  c i r c u i t  paths are shown in  
f ig u re  6 ,2 ,2 ,
Two inpu t channels a re  provided fo r  analogue s igna ls .  One of these i s  fo r  
the ph o to m u ltip lie r  s igna l o r ig in a t in g  i n  the atm ospheric  r e tu rn  and the 
o ther accommodates the  ouput from a so l id  s t a t e  d e tec to r  s i tu a te d  ou ts ide  
the  l a s e r  o p t ic a l  cav ity , where i t  measures pa rt  of the l a s e r  output. This 
serves as  a monitor of la s e r  pulse energy, allowing the  measurement to  be 
used  to  n o rm a l iz e  th e  c o r re sp o n d in g  m easured r e t u r n  l e v e l ,  p ro v id in g  
a u to m a t ic  co m p en sa tio n  f o r  p u ls e  energy  d e g ra d a t io n  and p u l s e - t o - p u l se 
v a r ia t io n .
During measurement of the  l a s e r  energy, the incoming pulse peak voltage i s  
measured by a FET sample-and-hold s tage. A fter 10X am p lif ic a t io n ,  the peak 
le v e l  i s  sampled by a commercial sample-and-hold c i r c u i t  which posesses a 
lower droop-rate  but which would not be f a s t  enough to "catch" the o r ig in a l  
peak. The re tu rn  s ig n a l  channel has an u l t r a - f a s t  buffer  stage followed by
a f a s t ,  X10 g a in ,  a m p l i f i e r  w i th  a b i a s  a d ju s tm e n t  f a c i l i t y .  A h ig h -  
q u a l i ty ,  f a s t ,  sample-and-hold c i r c u i t  measures the  incoming peak voltage . 
Th is  channe l i s  c ap a b le  o f  m easu rin g  a p u lse  peak w here th e  r i s e - t i m e  i s  
g re a te r  than 200ns, The f i n a l  vo ltage  measurement from each sample-and-hold 
channel i s  switched to  the  A-to-D converter in p u t a t  an app rop ria te  time, 
d e f in e d  by an e x t e r n a l l y  s o u r c e d  t r i g g e r  ( f ro m  t h e  l a s e r  t r i g g e r  
s y n c h ro n is a t io n  pulse),
A 1 2 - b i t  an a lo g u e  to  d i g i t a l  c o n v e r t e r , i n  " s ta n d  a lo n e"  mode i s  used to  
p ass  th e  m easured  in f o r m a t i o n  to  th e  i n p u t /o u p u t  bus of th e  Acorn Atom 
com puter ,  u s in g  8 b i t s  on p o r t  A and 4 b i t s  on p o r t  B, The R ead /C onvert 
e n a b le  p u ls e ,  i n i t i a t e d  by th e  t r i g g e r  p u ls e ,  i s  sw i tch e d  by th e  l o g i c  
c i r c u i t  fo r  the r e tu rn  s ig n a l  measurement, and by a computer-sourced pulse 
fo r  the  l a s e r  energy measurement. The use of a 1 2 -b i t  measurement, in s te ad  
o f an 8 - b i t ,  g iv e s  an im provem ent on a cc u ra cy  by a f a c t o r  o f  16, from a 
d i g i t i s i n g  e r r o r  o f  0.39? to  one o f  0,024?. This u n c e r t a i n t y  shou ld  be 
in s ig n i f ic a n t  a s  i t  i s  much sm alle r  than any expected e r ro r  a r i s in g  from 
other sources (eg. shot noise , background noise; a complete d iscuss ion  of 
noise sources i s  given i n  chapter 9, sec tion  9*3).
6.2.2 C irc u i t  Control bv Logic IC*s
Timing and opera tion  of the  analogue and d ig i t a l  c i r c u i t s  i s  c a r r ie d  out by 
pu lses  and high and low s t a t u s  s ig n a ls  from monostable and b is ta b le  ou tpu ts  
o f  th e  l o g i c  c i r c u i t ,  shown i n  p a r t  of f i g u r e  6,2 ,3. Logic c i r c u i t  
o p e r a t i o n s ,  d e s c r ib e d  below , a r e  s i m p l i f i e d  i n  f i g u r e  6.2.2 and a re  
summarised i n  ta b le  6,2,1, where the  s ig n a ls  a re  numbered fo r  c l a r i t y .
S y n c h ro n is a t io n  o f  th e  a r r i v a l  of an ana logue  I / P  s i g n a l  w i th  th e  ho ld  
e n a b le  p u ls e s  (2a and 2b), th e  R ead /C onvert  i n s t r u c t i o n  (4) to  th e  A-to-D
converte r ,  and the  computer in t e r r u p t  (3)» enabling data  measurements to  be 
read in to  the computer, i s  i n i t i a t e d  by the t r i g g e r  (tim e 0) pulse (1) from 
th e  s y n c h r o n i s a t io n  o u tp u t  o f  th e  l a s e r  t r i g g e r  u n i t ,  o p e r a t in g  v i a  
m o n o s ta b le s .  The i n t e r r u p t  p u ls e  to  the  com puter i s  a l lo w ed  on ly  when a 
s o f tw a r e  sy n c h ro n ise d  p u ls e  (5) has been pa ssed  from th e  com puter , 
i n i t i a t i n g  a b i s t a b l e  l e v e l  change (6 ) , which i n d i c a t e s  "on l i n e "  s t a t u s .  
T h is  e n s u r e s  t h a t  th e  com puter i s  o p e r a t i v e  f o r  d a ta  c o l l e c t i o n  and 
h a n d l in g .  The " o n /o f f  l i n e "  s i g n a l  (5) i s  a l s o  used to  co n n ec t  and 
disconnect the  p r in te r  to  the  computer port. The Read/Convert opera tion  i s  
enabled, e i th e r  by the (time 0) t r i g g e r  i n i t i a t e d  pulse (4a) or by a s igna l 
(4b) from th e  com puter (7 ) . The (4a) p e r fo rm s  th e  R ead /C onvert o p e r a t io n  
f o r  the  s ig n a l  r e t u r n  m easurem ent i n  ch an n e l  1 and the  com pu t e r - s o u r c e d  
pulse (4b) performs the  opera tion  a f t e r  sw itching to  the  analogue channel 
2, The ana logue  sam ple ch an n e l  i s  s w i tch e d  (8) by a l o g i c  p u ls e  (8a) 
o r i g i n a t i n g  i n  th e  i n t e r r u p t  e n a b le  and f i r s t  R ead /C onvert  o p e r a t io n .  
Timing fo r  time 0 t r i g g e r  i n i t i a t e d  opera tions  i s  shown in  f ig u re  6,3,1*
I d e n t i f i c a t io n  of the  DIAL pulse (whether or not the  la s e r  pulse has been 
m o d if ied  by th e  i n t r a - c a v i t y  a b s o r p t io n  c e l l )  i s  pe rfo rm ed  by a c e l l  
p o s i t i o n  s e n s o r ,  th e  o u tp u t  (11) o f  which i s  b u f f e r e d  i n t o  th e  l o g i c  
c i r c u i t  to  provide the computer w ith  a lo g ic  1 or 0 (12), re sp e c t iv e ly ,  i f  
t h e  c e l l  i s  i n  or ou t .  This  a l lo w s  d i r e c t i o n  o f  s i g n a l  l e v e l  d a ta  to  th e  
ap p ro p ria te  memory lo c a t io n ,  even i f  a c e l l  sw itch ing  m alfunction causes 
ad jacen t pulses  to  be of the  same id e n t i ty .
The l o g i c  c i r c u i t s  a r e  i n i t i a t e d  (10) by r e s e t / c l e a r  s i g n a l s  from th e  
com puter (9 a ) ,  b e fo re  each sam ple  o p e r a t io n ,  or by manual o p e r a t io n  (9b) 
b e fo re  each new i n t e r r u p t  run . D uring each i n t e r r u p t  ru n ,  a s i g n a l  p u ls e  
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Table 6 .2.1 Logic Operations i n  the  Signal Handling C irc u i t  
( r e f e r  to  f ig u re  6 ,2 .2 )
I /P  to  lo g ic  Source D estina tion  0/P func tion  from lo g ic
time 0 pu lse  l a s e r  t r ig g e r  sample and hold enable (2a and 2b) 
(1) u n i t  hold c i r c u i t
A to  D R/C Read/Convert enable (4a) 
bu ffer
(9b) manual
A to  D Read/Convert (4)
computer In te r r u p t  pulse (3) permitted 
in  "on l in e "  mode
f l i p - f l o p  change analogue channel (8a)
* switch analogue channel s e le c t  (8)
o n /o f f  l in e  computer
(5)
* in t e r r u p t  (6) perm its in t e r r u p t  in
monostable "on l in e "  mode
Read/Convert computer 
( 7)
*A to D R/C 
bu ffe r
Read/Convert enable (4b)
A to  D Read/Convert (4)
r e s e t / c l e a r  computer 
(9a)
monostables r e s e t / c l e a r  (10) lo g ic  c i r c u i t  
b i s t a b le s
absorp tion
c e l l
p o s i t io n
( 11 )
c e l l  p o s i t io n  computer 
sensor
c e l l  p o s i t io n  in d ic a to r  fo r  
DIAL pulse  id e n t i t y  (12)
ope ra tions  w ith in  the  lo g ic  c i r c u i t .
6.3 Control y Data Storage and Analysis bv Micro-Computer
The ro le  of the Acorn Atom micro-computer in  s ignal handling con tro l ,  da ta  
s torage and data a n a ly s is  i s  described .
6 .3.1  Computer Control of the  Signal Handling C irc u i t  in  Data A cquisition  
The sam p lin g  and ana logue  to  d i g i t a l  c o n v e rs io n  o f s i g n a l s  i n  th e  DIAL 
system  i s  c a r r i e d  ou t  by th e  c i r c u i t  shown i n  f i g u r e s  6 .2 .1 , 6,2.2 and
6.2.3 and th e  p ro ced u re  d e s c r ib e d  i n  s e c t i o n  5,2, C i r c u i t  o p e r a t io n  i s  
i n i t i a t e d  by a "time 0" pu lse  from the synchron isa tion  output of the  l a s e r  
t r i g g e r  u n i t .  However, th e  c i r c u i t  on ly  works i n  c o n ju n c t io n  w i th  
a p p r o p r i a t e l y - t i m e d  p u l s e s  from th e  com puter. B efo re  a d a ta  a c q u i s i t i o n  
ru n ,  th e  com puter program sends an "on l i n e "  p u ls e  (5 ) ,  c o n n ec t in g  th e  
computer to  the c i r c u i t  through the  in p u t/o u tp u t  po rt  and data bus. I t  a lso  
a llow s a time 0 - p u l s e - in i t i a t e d  in te r r u p t  command (3) and channel change 
(8 and 8a) to  take place. The second Read/Convert opera tion  ( la b e l le d  4b in  
f i g u r e  6 .2 ,2 ) ,  to  d i g i t i s e  th e  l a s e r  power m easurem ent, i s  i n i t i a t e d  by a 
com puter p u ls e  (7), The com puter sends  a r e s e t  p u ls e  (9a) a t  th e  end o f 
each l i d a r  r e tu rn  a c q u is i t io n  process (one "time 0" i n i t i a t e d  sequence) to  
r e s e t  and i n i t i a l i s e  th e  s w i tc h in g  c i r c u i t .  At the  end of each d a ta  
a c q u i s i t i o n  run  (m p u lse  p a i r s )  an  o f f  l i n e  p u ls e  (5) d i s c o n n e c t s  th e  
c i r c u i t  from the computer p r io r  to da ta  an a ly s is .  The c e l l  p o s i t io n  sensor 
p ro v id e s  a s i g n a l  (12) to  a com puter i n p u t  p o r t  to  a l lo w  c o r r e c t  
id e n t i f i c a t i o n  of the DIAL pulse (whether the c e l l  i s  "in" or "out").
The sequence of con tro l  events i n  "tim e 0 " -p u ls e - in i t i a te d  data  a c q u is i t io n  
and a n a lo g u e - to -d ig i ta l  o p e ra t io n s  i s  given in  the tim ing diagram of f ig u re
6.3.1. The l i d a r  re tu rn  s ig n a l  and the  l a s e r  power peaks a re  measured a t  an
a p p r o p r i a t e l y - s e t  t im e  i n  t h e i r  r e s p e c t i v e  sample-and-hold c i r c u i t s  in  
channels 1 and 2 ( f ig u re  6.2.2), The l i d a r  r e tu rn  measurement conversion (A 
to  D) i s  en ab le d  by th e  " t im e  0" s y n c h ro n is e  p u ls e .  On r e c e i p t  of th e  
in te r r u p t  pulse (3) from the  lo g ic  c i r c u i t ,  the computer reads  the  1 2 -b i t  
d a t a  f o r  t h i s  r e s u l t  o f f  t h e  c o m p u te r  p o r t s  and  t h e n  s t o r e s  t h e  
inform ation . The o ther analogue channel (2) i s  then switched to d rive  the A 
to  D c o n v e r t e r  in p u t  b e fo re  th e  com puter e n a b le s  a new R ead/C onvert 
opera tion . This da ta  i s  then passed to  the appropria te  computer memory. The 
l o g i c  c i r c u i t  i s  r e s e t  i n  p r e p a r a t i o n  f o r  t h e  n e x t  m e a s u re m e n t  
(corresponding to  the o th e r  l a s e r  absorp tion  c e l l  pos it ion )  which provides 
the  data from the o ther pulse of the  DIAL pair.
Measurements a re  taken f o r  averaging ( i f  necessary) to give two r e s u l t s ;  
th e  r e t u r n  s i g n a l  peak l e v e l  r a t i o  o f  th e  f i r s t  and second  DIAL p u ls e s  
(a s ig n ed  to  th e  f l o a t i n g  p o in t  v a r i a b l e  %R); and th e  r a t i o  of th e  l a s e r  
power m easurem ent c o r re sp o n d in g  to  th e  f i r s t  and second DIAL p u ls e s  
(asigned to  the  f lo a t in g  po in t v a r ia b le  %P),
6 ,3 .2  Computer Programs fo r  C irc u i t  Checks  ^ Data A cquisit ion  and Analysis 
The s o f tw a r e  i n  the  XeCl* l a s e r  DIAL system  com puter p ro v id e s  t h r e e  
d i s t i n c t  c a t e g o r i e s  o f  f u n c t i o n s ;  sy s tem  t e s t ;  d a ta  a c q u i s i t i o n  and 
s to r a g e ;  and d a ta  a n a l y s i s .  The f u n c t i o n s  a r e  l i s t e d  i n  t a b l e  6,3.1, T es t 
and d a ta  a c q u i s i t i o n  program s a r e  i n  machine code and th e  a n a l y t i c a l  
program i s  i n  BASIC, A ll p rogram s a re  s to r e d  on a s i n g l e  ROM memory, 
avoiding th e  necessity  fo r  program r e t r i e v a l  from tape or d isc.
The t e s t  program d isp lays  the  fu n c tio n  menu and allow s the s igna l handling 
system  to  be checked f o r  c o r r e c t  o p e r a t io n .  T es t f u n c t i o n s  and th e  
a p p r o p r i a t e  r e s p o n s e s  a re  sum m arised  i n  t a b l e s  6,3,1 and 6,3.2, The t e s t
program itself is listed in appendix A6,1(a).
The da ta  a c q u is i t io n  program, l i s t e d  in  appendix A6.1(b) (con tinuation  of 
A6,1(a)), c o n tro ls  the  opera tion  of the  lo g ic  c i r c u i t  i n  the  way described 
in  s u b - s e c t io n  6.3.1, f i g u r e  6,3.1 and t a b l e s  6,3.1 and 6,3.2, Data i s  
s to red  in  memory lo ca t io n s  and r e t r ie v e d  to  produce re tu rn  s igna l and l a s e r  
energy r a t i o s  (program v a r ia b le s  and re sp ec tiv e ly ) .
The a n a l y t i c a l  program , l i s t e d  i n  append ix  A6.2, in t e r p r e t s  the  measured 
r e t u r n  s i g n a l  l e v e l s  and, i f  n e c e s s a ry ,  th e  l a s e r  power m easurem en ts  to  
g ive the  concen tra tion  o f  sulphur dioxide in  u n i ts  o f  ppm. The access and 
fu n c tio n  of the program i s  given in  ta b le  6,3.1.
6 ,3 .3  Data Analysis and P resen ta t io n
The d a ta  m easurem ents  can be i n t e r p r e t e d  to  g iv e  a r e s u l t  a s  th e  average  
SOg c o n c e n t r a t i o n  over an  i n t e g r a t e d  range  o r ,  by s e l e c t i o n  of the  
a p p r o p r i a t e  program mode, to  g iv e  r a n g e - r e s o lv e d  r e s u l t s ,  A ra n g e -  
i n t e g r a t e d  r e s u l t  i s  a m easurem ent of an am b ien t SOg c o n c e n t r a t i o n ,  
o b t a i n e d  by t a k i n g  a l i d a r  r e t u r n  p u l s e  f ro m  a t a r g e t  w i t h  z e r o  
d i f f e r e n t i a l  absorp tion  (eg, w a ll ;  NOT a smoke plume). The range-reso lved  
r e s u l t ,  taking th e  r e tu rn  from an SOg laden plume, re q u ire s  a previous data  
a c q u is i t io n  run followed by a n a ly s is  i n  in te g ra te d  range mode, providing 
th e  s to r e d  am b ien t  l e v e l  d a ta  f o r  com pensa ting  th e  smoke plume r e t u r n  
m easurem ent. The r e s u l t s  a re  p re s e n te d  by VDÜ and m in ia tu r e  d o t - m a t r ix  
p r i n t e r .  An exam ple of a p r i n t e d  d a ta  a n a l y s i s  o u tp u t ,  showing r a n g e -  
i n t e g r a t e d  th e n  a r a n g e - r e s o lv e d  a n a l y s i s ,  i s  g iv e n  i n  f i g u r e  6.3.2, The 
a lgorithm s fo r  the  a n a ly t ic a l  program are  derived from work on the  mixed 


















o  •H a bO 0)
XeCl Laser DIAL XeCl Laser DIAL
ENTER M <l-253>i=?20
%R 1.56754058E-1 %P 1.54681951E-1 SELECT REQUIRED MODE0 In teg ra ted  Cone.1 Range Resolved Cone.?0In teg ra ted  Cone.ENTER LIDAR RANGE (m)?40Cell P/T r a t io3,500000005-1ENTER CELL P'T RATIO?.335Ho. of s in g le  passes2.36000000Cell a tten u a tio n  fac to rS.OOOOOOOOE-1Laser peak r a t io6.91500000E-1IS NORMALIZATION REQUIRED? Y or H?VHorrfial Izing la se r  peak r  at i o7.08530680E-1 P ressure 1013 mbar Temperature 283 oK ENTER PRESSURE?1013 ENTER TEMPERATURE7273 Is  p ressu re /he i ght compe nsation  required? Y or N?NReturn sIgna1 r a t  Io 1.56754058E-1
Sulphur d ioxide cone, of
4.75721617 ppm averaged over range 40 metres
ENTER M <l-253)=?20
%R 1.73267399E-1 *iP 1.48434589E-1 SELECT REQUIRED MODE0 In teg ra ted  Cone.1 Range Resolved Cone.?1Range Resolved Cone.Cell P 'T r a t io3.50000000E-1
ENTER CELL P/T RAT10?.345Ho. of s in g le  passes2.36000000Cell a tten u a tio n  fac to r 8.00000000E-1 Pressure 1013 mbar Temperature 283 oK ENTER PRE3SURE?i013 ENTER TEMPERATURE7273 Is  p ressu re /h e  i ght compe n sa tion  required? Y or H?NIS THE AMBIENT CONC, RAT 10 KNOWN? V or H?Y Ambient re tu rn  r a t i o  is 1.56754058E-1 Output c i r c u i t  R and C 
1003.350n0005E -10ENTER LOAD RES!STANCE?100Ret urn s ignal  r a t  i o 1.79267399E-1
Sulphur dioxide cone, of
110.504229 ppm i n minimum range e 1ement
20.5178815 metresat a range of40 metres
Figure 6 .3 .2 An example of a p r in t -o u t  of the  data a n a ly s is  ro u tin e  fo r  
an in te g ra te d  range measurement followed by a range- reso lved  r e s u l t .
Table 6.3.1 Computer Program Functions
The func tions  a re  l i s t e d  i n  order of occurrence during the  s igna l handling 
and a n a ly s is  ro u t in e .











» 4» "^ 0 0 0 "
"416200"
«5»
press  RETURN 
press  RETURN 
p ress  SHIFT
d isp lay  menu numbered 1 - 6  
t e s t s  I/O p o r ts  of VIA 
te s tsc o rn p u te rk ey b o a rd  
t e s t s  p r in te r  opera tion  
t e s t s  memory a c c e s s ib i l i ty
t e s t s  r e s e t  opera tion  
t e s t s  o n /o f f  l in e  opera tion  
t e s t s  c e l l  p o s i t io n  sensor








en te r  m
press  RETURN
asks fo r  m, the number of 
pulse p a i r s  to be measured, 
to  be en tered
system "on l in e "  u n t i l  data 
i s  c o l le c te d
data ra t io e d  and averaged to  
give %R and JSP, displayed 
and p r in ted
DATA ANALYSIS BASIC
"0" fo r  range 
in te g ra te d  or 
"1" f o r  range 
reso lved  SOg concen tra tion  
a n a l y s i s .
(Note; range 
resolved  a n a ly s is  
re q u ire s  s to red  data  from a 
range in te g ra te d  
a n a ly s is )
asks fo r  s e le c t io n  of 
requ ired  a n a ly s is  mode
takes measured values and 
in t e r p r e t s  them to give a 
range in te g ra te d  or range 
resolved SOg concen tra tion , 
(op tions: pulse power
n o r m a l i z a t io n  w here ^P i s  
used; ta rg e t  sample heigh t 
compensation; a l t e r a t i o n  of 
system and environmental 
parameters)
Table 6,3,2 (a) Correct Response in Test Sequence
(b) Display During Data A cquisit ion
Events a re  l i s t e d  i n  order of occurtence
(a) TEST
Test Mode Response
PORT (VDU) "Port Okay"
KEYBOARD (VDU) c o r re c t  ch a rac te rs  d isplayed
PRINTER (VDU; p r in t -o u t )  f u l l charac te r  sequence p rin ted
MEMORY (VDU) "Memory Okay"
INTERFACE
RST (Signal Handling Unit) RST led  f la s h e s
ON LINE n ON LINE led  on and o ff
CELL POSITION (Signal Handling Unit) 
(VDU)
CELL led on (out) and o f f  ( in )  
"Cell in"  or "Cell out" displayed
(b) DATA ACQUISITION
Location Display
Before s t a r t (VDU) req u e s t  fo r  number of measurements, ra
S ta r t  
(no l a s e r )
(Signal Handling Unit) ON LINE led  on 
CELL led  o ff
Data
A cqu isit ion  
Sequence 
Running ( l a s e r ) *
End
(VDU) Screen " in te r fe re n ce "  with double apostrophe 
ch arac te r  a t  top (data  a c q u is i t io n  in d ic a to r )
(Signal Handling Unit) TIME 0 led b links
RST led  f la shes  
CELL led on
(VDU) Data a c q u is i t io n  in d ic a to r  changes to  exc lam ation  mark
(Signal Handling Unit) TIME 0 led b links
RST led  f la sh es  
CELL led  o f f
(VDU) Data a c q u is i t io n  in d ic a to r  changes to  apostrophes
(Signal Handling Unit) CELL led  on or o f f
ON LINE led  o ff  
(VDU) Averaged (over m data s e ts )  values fo r  $R and %? 
d isp layed  and a n a ly t ic a l  mode en tered
repeated  ra times
6,4 Calibration
The l i n e a r i t y  of th e  s ig n a l  h a n d l in g  c i r c u i t s ,  shown i n  f i g u r e  6,2,3» 
inc lud ing  am plif ie r  performance and s ignal d ig i t i s a t i o n ,  i s  shown,
6 .4 .1  Setting-UD the Circuit
The a m p l i f i c a t i o n  s ta g e  o f  th e  r e t u r n  s i g n a l  and th e  l a s e r  energy 
m easurem ent c i r c u i t s  a re  b ia s e d  to  z e ro  and g a in  i s  s e t  i n  each a t  ab o u t 
X10, Biasing o f the  r e tu r n  s ig n a l  channel i s  co n tro l led  by a p re - s e t  on the  
f ro n t  panel of the s igna l handling u n it .
In  each channel, the time a t  which the sample c i r c u i t  i s  switched to  "hold" 
mode i s  v a r ia b le  according to  the  time of a r r iv a l  of the  re sp ec t iv e  pulse. 
The "hold" s t e p ,  c a u s in g  m easurem ent o f  th e  r e t u r n  p u ls e ,  i s  s e t  f o r  each 
l i d a r  s i tu a t io n ,  a llow ing f o r  v a r ia t io n  in  t a rg e t  range. A lo g ic  output to  
the osc il lo scope  i s  a v a i la b le  to show the time of occurrence of the  "hold" 
s tep , a llow ing synchron isa tion  w ith  the desired  p a r t  of the  r e tu rn  s ignal .  
The "hold" s t e p ,  c a u s in g  m easurem ent o f  the  l a s e r  energy s i g n a l ,  i s  s e t ,  
s im i la r ly ,  by using a p re - s e t  on the  f ro n t  panel,
6 .4 .2  C a l ib ra t io n
The c o m p u te r -d is p la y e d  m easurem ent,  w ith  a f u l l - s c a l e  o f  4095, has been 
c a l ib ra te d  fo r  a d,c vo ltage  which was app lied  a t  the  inpu t of each s ignal 
channel (negative in to  th e  r e tu rn  channel; p o s i t iv e  in to  the  l a s e r  energy 
channel),
The c a l i b r a t i o n  f o r  th e  s i g n a l  r e t u r n  c i r c u i t  i s  g iv e n  i n  f i g u r e  6 ,4 .1 , 
which shows th e  v o l t a g e / r e a d i n g  c a l i b r a t i o n  f o r  a n e g a t iv e  d,c in p u t .  In  
t h i s  c a se ,  th e  f u l l  s c a l e  r e a d in g  i s  o b ta in e d  a t  -965  mV, F ig u re  6 ,4 ,1(b)
i s  th e  c a l i b r a t i o n  f o r  d,c i n p u t s  up to  10 mV, showing th e  p o t e n t i a l  
a cc u ra cy  o f  l i n e a r i t y  to  be l e s s  th a n  0.2 mV, a p p ly in g  over th e  e n t i r e  
inpu t range. Accuracy was judged on the  bas is  of the d iffe ren ce  between two 
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This chapter i s  concerned w ith  the assembly and combined opera tion  of the  
l a s e r  sy s tem , t e l e s c o p e ,  p h o t o m u l t i p l i e r  d e te c to r  and s ig n a l  processing 
equipment, each described  in  previous sp ec ia l is ed  chap ters  2 to  6 (inc»), 
to form the t r a i l e r - b a s e d  XeCl l a s e r  DIAL system fo r  use a t  power s t a t i o n  
s i t e s .  Signal and supply paths are  shown but sp ec ia l  emphasis i s  placed on 
th e  d e s ig n  o f  th e  g ro u n d in g  sy s te m , developed  f o r  n o ise  and p ic k -u p  
e lim in a tio n .  The physica l layou t of the components i s  a key f a c to r  i n  noise 
reduction , in  easy l a s e r / t e l e s c o p e / t a r g e t  alignment and in  s e r v ic e a b i l i ty .
T » 1 Sys.t,em_Eiin,QMi?Ji.„
7.1.1
A ll  m ajo r s i g n a l  p a th s ,  in c lu d in g  t h a t  of th e  l a s e r  t r i g g e r  p u l s e ,  th e  
transm ission , b ack sca tte r  and recep tio n  of the  l a s e r  o p t ic a l  pulse and the 
s i g n a l  h a n d l in g  and d a ta  p ro d u c t io n  r o u t e s ,  a r e  i l l u s t r a t e d  i n  th e  flow  
c h a r t  o f  f i g u r e  7 .1 .1 , w hich shows th e  b a s ic  s i m p l i c i t y  o f  th e  sy stem . 
O ptical and e l e c t r i c a l  paths are  shown.
7 .1 .2  Equipment Wiring
The i n t e r c o n n e c t i o n s  be tw een  th e  components o f  th e  system  a re  shown i n  
f ig u re  7.1.2, Laser and p e r ip h e ra l  c o n t r o l  c i r c u i t s  a re  grouped to g e t h e r ,  
a s  a r e  th e  d e t e c t o r  and s i g n a l  p r o c e s s in g  c i r c u i t s ,  and a re  a r ra n g e d  to  
red u ce  c o u p l in g  be tw een  th e  n o isy  l a s e r  c i r c u i t s  and th e  low l e v e l  
d e tec t io n  c i r c u i t s .  All connections between screened u n i t s  a re  made v ia  co-
a x ia l  or f u l ly  screened cab les  to  reduce the e f f e c t s  of pick-up of r . f  from 
the l a s e r  discharge (see 7.1.3), ’ Leads between the la s e r / t e le s c o p e  head and 
the supply u n i t s  a re  enclosed in  heavy duty re in fo rced  conduit fo r  neatness 
and s a f e ty .
7 . 1 . 3  System Grounding and Screening
The p r im ary  n o is e  so u rce  i s  th e  h ig h  f req u e n cy  r . f  e m is s io n  (=^ î= 10 Mhz), 
emanating from the l a s e r  d ischarge  and capable of inducing sev e ra l  v o l t s  in  
nearby  c o n d u c to r s .  An exam ple  of n o is e  induced  i n  th e  in p u t  c a b le  o f  an 
o sc i l lo sco p e ,  about 3m from a badly grounded and screened XeCl^ l a s e r ,  i s  
reproduced in  the  o sc i l lo g rap h  t ra ce  of f ig u re  7.1.3. The maximum zero  to  
negative peak voltage  of t h i s  example i s  about 400mV, which would c e r ta in ly  
obscure a s trong  smoke re tu rn  s ig n a l  voltage pulse of 250mV (from chapter 
8). System g round ing  and s c r e e n in g  i s  sum m arised  i n  f i g u r e  7.1.4 bu t th e  
ba s is  fo r  the  design of the  grounding c i r c u i t  i s  described below.
In  order to  reduce noise a t  source the  l a s e r  i s  housed w ith in  a mild s t e e l  
s c r e e n ,  su rrounded  by an a lum in ium  o u te r  c a s in g  which i s  f i t t e d  w i th  
f l e x i b l e  b ra s s  s c r e e n in g  s e a l s .  The *ground* s id e  of the  c a v i ty  i t s e l f  i s  
d.c connected as  the  r e tu rn  path to the  l a s e r  supp lies  v ia  a la rge  inductor 
( s e v e r a l  nH) which p r e v e n ts  f u r t h e r  p ro p a g a t io n  o f a n o isy  ground. A ll 
le a d s  to  and from th e  l a s e r  ( f i g u r e  7.1.2) a r e  s c re e n e d  w i th  th e  ground 
c o n n e c t io n  made a t  the  end n e a r e s t  su p p ly  e a r t h  (O tt ,  N oise  R eduction  
T echn iques  i n  E l e c t r o n i c  S ys tem s, 1976). Care i s  ta k e n  i n  p ro v id in g  
grounded s h i e l d s ,  e s p e c i a l l y  f o r  l e a d s  c a r r y in g  weak s i g n a l s ,  to  avoid  
e a r th  loops which would a c t  a s  a recep tio n  a e r i a l  for r . f  rad ia t io n .  Where 
p o s s i b l e ,  h ig h  freq u en cy  s h i e l d  g ro und ing  i s  com ple ted  on c a b le s  lo n g e r  
th a n  ab o u t 1m by a 0.1 jjF c a p a c i t o r .  High v o l ta g e  le a d s  to  th e  l a s e r  a re  
f i t t e d  a t  each end w ith  high frequency ceramic capac ito rs  (0 ,2yjF) to  e a r th
to  p re v e n t  them a c t in g  a s  r f  t r a n s m is s io n  a e r i a l s .  Other l e a d s  i n  th e  
system, o ther than f a s t  pulse c a r r i e r s ,  are  s im i la r ly  f i t t e d  to  reduce the 
e f f e c t s  of pick-up.
The p a r t s  o f  th e  system  most v u ln e r a b le  to  n o is e  a r e  th e  low l e v e l  
d e t e c t i o n  and  s i g n a l  p r o c e s s i n g  c i r c u i t s .  T h ese  r e q u i r e  c a r e f u l  
c o n s i d e r a t i o n  o f  l e a d  f i l t e r i n g ,  s c r e e n in g  h a rd w are  and g round ing  
c o n n e c t io n s .  The c e l l  p o s i t i o n  s e n s o r s  and th e  l a s e r  power d e t e c t o r  
s u p p ly in g  th e  s ig n a l  p ro c e s s in g  c i r c u i t s  a r e  u n iq u e ly  housed and th e  
screens  are  grounded to  the processing  u n it .  The pho to m u lt ip l ie r  screening, 
i n c o r p o r a t i n g  th e  d i v i d e r  c i r c u i t  r e t u r n  p a th ,  i s  e a r th e d  to  th e  H.V 
su p p ly .  However, the  s i g n a l  o u tp u t  c i r c u i t  of the  p h o t o m u l t i p l i e r  i s  
grounded to  the  s ig n a l  processing  u n i t ,  avoiding the  r e l a t i v e ly  noisy and 
h igh  c u r r e n t  p a th  of the  p h o t o m u l t i p l i e r  H.V su p p ly .  The com puter power 
supply and VDU are  grounded d i r e c t ly  to the  supply ea r th ,  removing a source 
of noise  from the ground of the  low le v e l  c i r c u i t .
Once designed, s l i g h t  a l t e r a t i o n s  were made to  the  grounding c i r c u i t  u n t i l  
th e  l a s e r  could  be o p e r a te d  a t  f u l l  v o l t a g e  w i th o u t  f a l s e  f l a s h i n g  o f  
s i g n a l  p ro c e s s o r  mode i n d i c a t o r s  and, more im p o r t a n t l y ,  u n t i l  a t e s t  
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7 , 2 . 1  I t o .iflAX -JlsJlgfflkll
The system  e l e c t r i c a l  and e l e c t r o n i c  components and u n i t s  shown i n  th e  
b lo c k  d i a g r a m s  o f  f i g u r e s  7*1.2 and 7*1*4 a r e  a s s e m b le d  i n t o  t h e  
la s e r / t e le s c o p e /d e te o to r  head, a l a s e r  supply and sw itch ing  cab ine t and a 
s i g n a l  d e t e c t i o n  and p r o c e s s in g  c a b in e t .  The sy s te m , I n c lu d in g  a r o t a r y  
pump fo r  l a s e r  evacuation and a high p ressure  gas mix r e f i l l  cy lin d e r ,  i s  
a l l  accomodated w ith in  a p u rp o se -b u il t  t r a i l e r  in  a layou t according to  the 
plan of f ig u re  7.2.1, A gas mixing s t a t i o n  i s  lab o ra to ry  based.
7.2.1(a)
The l a s e r  and r e c e i v e r  a re  r i g i d l y  mounted t o g e th e r  to  e n a b le  th e  l a s e r  
f i e l d  o f  coverage  to  be a l ig n e d  w i t h i n  th e  t e l e s c o p e  f i e l d  o f  view to  
op tim ise  s ig n a l  c o l le c t io n .  The arrangement a lso  perm its  the option  of co­
a x ia l  l a s e r  transm ission , shown schem atica lly  in  f ig u re  2.5*3* The c rad le  
c a r r y in g  th e  l a s e r / t e l e s c o p e / d e t e o t o r  head i s  mounted upon a r o t a t i n g  
frame, p e rm itt in g  adjustm ent in  a l t i t u d e  and azimuth. L a s e r - to - te le s c o p e  
m ounting i s  by fo u r  ru b b e r  b lo c k s ,  each se c u re d  by a c e n t r a l  b o l t .  
C om pression  o f th e  b lo c k s ,  a s  a p p r o p r i a t e ,  by th e  a d j u s t i n g  n u ts  a l lo w s  
l a s e r / t e le s c o p e  alignment. The pho to m u lt ip l ie r  housing, complete w ith  i r i s  
and narrow band in te r fe re n c e  f i l t e r ,  i s  s i tu a te d  near the Newtonian focus 
o f  th e  t e l e s c o p e  and i s  a d j u s t a b l e ,  w ith  th e  seco n d ary  m i r r o r ,  i n  a 
d i r e c t io n  p a r a l l e l  to  the  te lescope  axis.
A f e a t u r e  o f  th e  system  i s  th e  e a sy ,  cheap f a c i l i t y  f o r  d i r e c t  s i g h t  
a l ig n m e n t  o f  th e  l a s e r / t e l e s c o p e  and t a r g e t ,  a v o id in g  th e  u se  o f  
unnecessary so p h is t i c a t io n  or a tim e consuming method. The l a s e r  i s  a ligned  
upon the  ta r g e t  by d i r e c t  s ig h t in g  along the o p t ic a l  c av ity , enabled by the
v i s i b l y  t r a n s p a r e n t  d i - e l e c t r i c  m i r r o r  a t  th e  r e a r  o f  th e  c a v i t y .  The 
te lescope  i s  a lso  s igh ted  by eye by looking through the c e n t r a l  hole  from 
th e  r e a r  o f  th e  p r im ary  m i r r o r .  The n o v e l ty  l i e s  i n  th e  use  o f  a narrow  
band in te r fe re n c e  f i l t e r ,  w ith  a su rface  which r e f l e c t s  v i s ib l e  l i g h t ,  a t  
th e  t e l e s c o p e  fo c u s .  T h is  »sees» an image o f  th e  t a r g e t ,  v i a  th e  p r im ary  
m irro r ,  then the secondary, and then r e f l e c t s  i t  v ia  the secondary down the 
the primary ap er tu re ,  as i l l u s t r a t e d  in  f ig u re  7*2.2,
An a d d i t i o n  to  th e  l a s e r  a ssem b ly  i s  th e  f a s t  p - i - n  d iode  d e t e c t o r  f o r  
pulse power monitoring. The output of the d e tec to r  i s  used to  normalize the  
DIAL re tu rn  s ig n a l .
7 .2 .1 (b )
One c a b in e t  houses  th e  l a s e r  c o n t r o l  c i r c u i t s  and th e  m otor su p p ly  f o r  
sw itch ing  the  absorp tion  c e l l  in  and out of the  l a s e r  o p t ic a l  cav ity . The 
l a s e r  i s  supplied  by the  th y ra tro n  h ea te rs  and b ia s  c i r c u i t s  and the  high 
voltage  u n i t  used to  charge the  l a s e r  capac ito rs .  The primary t r i g g e r  u n i t  
and o s c i l l a t o r  provides the th y r a t r o n  t r i g g e r  p u ls e  f o r  c o n t r o l l e d  l a s e r  
r e p e t i t io n  ra te .  A lower vo ltage  pulse , synchronised w ith  the  t r ig g e r in g  
pulse, i s  used as an i n i t i a t i n g  pulse fo r  the s ig n a l  handling c i r c u i t  (time 
0) and to  sw itch  the  c e l l  motor supply on and o ff .
7.2.1(c)
The second c a b in e t  c o n ta in s  th e  low l e v e l  c i r c u i t s  a s s o c i a t e d  w i th  
d e tec t io n  and s ig n a l  processing. The s ig n a l  processing c i r c u i t s ,  described 
in  chapter 6, are  mounted w ith  the  micro-computer and d isp lay  system, A H.V 
u n i t  s u p p l i e s  th e  p h o t o m u l t i p l i e r  in te rd y n o d e  v o l t a g e  d i v i d e r  c i r c u i t .  
However, maximum i s o l a t i o n  of the  high vo ltage  supply from the low le v e l  










Figure 7*2.1 The layout of the XeCl la s e r  DIAL system in  a t r a i l e r
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Figure 7*2.2 Schematic i l l u s t r a t i o g  of l a s e r / t e l e s c o p e / t a r g e t  
alignment i n  the  XeCl l a s e r  DIAL system
7*3 Procédure for Operating the XeCl* DIAL System
F ig u re  7 .3 . 1  i s  a pho tograph  o f th e  system  i n s t a l l e d  i n  th e  t r a i l e r .  The 
p r o c e d u r e ,  from  a r r i v a l  on s i t e  t o  o b t a i n i n g  SOg c o n c e n t r a t i o n  
m easurem ents^ i s  sum m arised  i n  f i g u r e  7*3*2. Power f o r  the  system  i s  
provided by a p e tro l  genera to r of a t  l e a s t  1,3 kW output.
I t  has  been u s u a l  to  p re p a re  a f r e s h  l a s e r  f i l l  a t  St.Andrews b e fo re  
t r a n s p o r t i n g  th e  equipm ent t o  th e  t e s t  s i t e .  However, assum ing an o ld  o r  
contaminated gas mix or low pressure , then i t  i s  necessary to  re p len ish  the  
l a s e r  i n  the  f i e ld .  A ro ta ry  pump has been in s t a l l e d  to  evacuate the l a s e r  
d ischarge tube and the pipework. The l a s e r  i s  f i l l e d  w ith  the pre-mixed gas 
to  an abso lu te  p ressu re  of between 2 and 3 atmospheres before the  cy linder 
i s  disconnected fo r  s torage.
The e l e c t r i c a l  system i s  switched on to  allow the th y ra tron  to  vjarm«up fo r  
a b o u t  5 m in u te s .  T h is  must be done b e fo re  th e  h ig h  v o l t a g e  i s  a p p l i e d  and 
th e  t r i g g e r  u n i t  and c e l l  m otor supp ly  a re  s w i tc h e d  on. Laser o u tp u t  i s  
v e r i f i e d  by check ing  f o r  f lu o r e s c e n c e  from in c id e n c e  o f  the  p u ls e  o n to  a 
s u i t a b l e  m a t e r i a l  (w h i te  h a n d k e r c h ie f  or w hite  paper). I f  necessary, the 
back m irro r and output coupler k inem atic  mounts are  ad ju s ted  to op tim ise  
the  l a s e r  output.
The l a s e r  t r ig g e r  i s  d isab led  before  the  p h o tom ultip lie r  high voltage u n i t ,  
the  s i g n a l  p r o c e s s in g  u n i t  and the  com puter and i t s  p e r i p h e r a l s  a r e  
switched on. The s ig n a l  processing  equipment, the computer memories and the 
com puter p e r i p h e r a l  i n t e r f a c e  d e v ic e s  a re  checked to  e n su re  c o r r e c t  
opera tion  before the system i s  s e t  fo r  s ig n a l  recep tion .
When the  l a s e r ,  te lescope and ta r g e t  have been a ligned , the system i s  ready 
to  m easure  SOg c o n c e n t r a t i o n s .  The l a s e r  t r i g g e r  i s  i n i t i a t e d  and th e  
s i g n a l  p ro c e s s in g  sys tem  i s  o p e ra te d  by th e  d a ta  c o l l e c t i o n  program 
( c h a p te r  6). A f te r  th e  r e q u i r e d  sequence of p u ls e  p a i r s  has  been ru n , th e  
c o l l e c t e d  d a ta  i s  a n a ly s e d  to  g iv e  SOg c o n c e n t r a t io n .  In f o r m a t io n  i s  
d e live red  v ia  the  VDU and/or the p r in te r  to  the opera tor.
The procedure fo r  SOg co ncen tra tion  measurements i s  g iven in  sec t io n  10.3,
Figure 7 . 3 . 1 ( a )  The XeCl la s e r  DIAL system in s ta l le d  in  the t r a i le r
(b) Front view o f the la s e r , te le sc o p e  and d etecto r  head 











References for Chapter 7
Ott, Noise Reduction Techniques in Electronic Systems, (1976)
Chapter 8^^, Deri3Latlo_n^and_ApplloatlQîi_Qf_-the, Lldag_Jîauation
The t r a n s m i s s i o n  o f  a l a s e r  p u ls e  i n t o  a s c a t t e r i n g  a tm o sp h ere  and th e  
su b seq u en t r e c e p t i o n  o f  pho tons  as  a f u n c t io n  o f  range  i s  d e s c r ib e d ,  
a p p ro x im a te ly ,  by th e  s i n g l e  p u l s e ,  s i n g l e  w av e le n g th  l i d a r  e q u a t io n ,  
derived below a f t e r  an in tro d u c t io n  to  atmospheric s c a t t e r  and attenuation* 
The major po in t of ob ta in ing  a l i d a r  equation i s  fo r  i t s  a p p l ic a t io n  in  the 
d i f f e r e n t i a l  a b s o r p t io n  l i d a r  th e o ry  used  to  a n a ly s e  r e t u r n s  f o r  SOg 
c o n c e n tra t io n *  A g e n e r a l  a tm o s p h e r ic  t r a n s f e r  f u n c t io n  i s  d e r iv e d  f o r  
p o ss ib le  convolution w ith  any known time-dependent l a s e r  pulse func tion , to  
o b t a i n ,  i f  n e c e s s a r y ,  an  a c c u r a t e  r e p r e s e n t a t i o n  o f  t h e  r e t u r n  
d i s t r ib u t io n .  The simple l i d a r  equation i s  applied  to  a model of the  l i d a r  
r e t u r n  from a s c a t t e r i n g  a tm o sp h ere  c o n ta in in g  a smoke plume* A s i n g l e  
pulse s c a t te r in g  experiment c a r r ie d  out a t  Methil power s ta t io n ,  F i fe ,  i s  
described and compared w ith  the  modelled return*
8*1 In troduc tion  to, Ravleigh and Mie S c a t te r in ^ _ in  .the_Lower Atmosphere
Atmospheric s c a t te r in g ,  p a r t i c u la r ly  through a s c a t t e r  angle o f  180°, i s  
im p o r ta n t  as  th e  mechanism f o r  g iv in g  a l i d a r  r e t u r n  s i g n a l .  S c a t t e r  i s  
a lso  responsib le ,  w ith  absorp tion , fo r  a t te n u a t io n  of the  l i d a r  r a d ia t io n  
by removing i t  from i t s  path in  passing to and from the atmospheric ta rg e t .  
Two mechanisms are  Rayleigh, or molecular s c a t te r in g  and Mie s c a t te r in g  by 
the la rg e r  p a r t i c l e s ,  the ae ro so ls .  This s ec t io n  provides expressions fo r  
Rayleigh and Mie s c a t te r in g  coeff ic ien ts*
8,1*1 RayJLelgh_-SQat_t_erlm
The method o f d e r iv a t io n  of the  Rayleigh c o e f f ic ie n ts ,  given in  appendix 
A8,1, i s  based  on th e  e m is s io n  o f r a d i a t i o n  from a volume e lem en t  i n  a 
d ip o le  i n t e r a c t i o n  be tw een  th e  photons and th e  m o le c u le s .  The i n c i d e n t  
l i g h t  i s  d e s c r ib e d ,  v e ry  s im p ly ,  a s  e x c i t i n g  th e  m o le c u le s  p r i o r  to  re»  
e m is s io n  a t  th e  same w av e len g th  bu t  w i th  a c e r t a i n  a n g u la r  d i s t r i b u t i o n  
(Kondratyev, Radiation in  the  Atmosphere, 1969)* The ex ten t  of s c a t t e r  i s  
s p e c t r a l l y  d e p e n d e n t  and  a f u n c t i o n  o f  p r e s s u r e  and te m p e ra tu re*  
M athematically , the  s c a t te r in g  i s  a func tion  of the  angular term and a term 
which desc ribes  the in te r a c t io n  between molecules and ra d ia t io n ,  Rayleigh 
s c a t t e r  i s  p red o m in an t  u nder  c o n d i t io n s  o f  good v i s i b i l i t y ,  though i t  
becomes le s s  im portant a t  longer wavelengths, A c o e f f ic ie n t  which desc ribes  
the s c a t t e r  along u n i t  leng th  in to  a u n i t  s o l id  angle and in  a d i r e c t io n  a t  
an a n g le  0 i s  e x p re s s e d  a s  (A8,1, e q u a t io n  (A8,1,29)) a f u n c t io n  o f  ra n g e ,  
r  in
o^R^Q(r) - 5*939 X 10” ®*Pj,(1 cos^G )/ X(;jm)^'°9,T^ m " ^ 8 r - \  (8*1*1)
This func tion  i s  p lo t te d  in  f ig u re  8,1,1, The t o t a l  space Rayleigh s c a t t e r ,  
o r  e x t i n c t i o n ,  c o e f f i c i e n t ,  o b ta in e d  by i n t e g r a t i n g  e q u a t io n  (8*1*1), i s  
given by
^ p ( r )  = 9*951 X 10""7,p^(mbar)/ X (p)^ -’®9*Ty,(°K) m"'* (8.1.2)
fo r  d i r e c t  a p p l ic a t io n  in  an a t te n u a t io n  term. Equation (8*1*1) i s  applied  
fo r  a s c a t t e r  angle of K rad ians  to  give the back sea tte r  c o e f f ic ie n t ,  given 
by
which i s  c o n v e n ie n t ly  e x p re s s e d  i n  te r ra s  o f  th e  t o t a l  space  s c a t t e r  
c o e f f ic ie n t  as
^ g ( r )  = 3 o (g /87r  (6 .1 .4 )
E q u a t io n s  (8.1*2) and (8.1*4) a r e  a p p l i e d  i n  th e  l i d a r  e q u a t io n  i n  s e c t i o n  i
8.2 .  i
i
8.1.2 Mie S c a t te r in g
Atmospheric p a r t i c l e s ,  between rad ius  1 0 ^ ^  , la rg e r  than s in g le  molecules, 
and 10yL> , a t  l e a s t  a m agn itude  s m a l l e r  th an , say , a g r a i n  o f  sand , a re  
te rm ed  a e r o s o l s .  The s c a t t e r  o f  l i g h t  from such a e r o s o l s  i s  d e s c r ib e d  by 
the theory of Mie s c a t te r in g  (G.Mie, 1909). Any a n a ly s is  of the s c a t te r in g ,  
a s  f o r  e x a m p le ,  i n  p r o v i d i n g  an  e x t i n c t i o n  c o e f f i c i e n t ,  r e q u i r e s  
d e t e r m in a t io n  o f th e  a e r o s o l  s i z e  d i s t r i b u t i o n  i n  c o m b in a t io n  w i th  a 
sp e c t ra l  dependence and angular d i s t r ib u t io n .  The d i f f i c u l t y  in  providing a 
rigorous a n a ly t ic a l  so lu t io n  has prompted an em p ir ic a l ly  derived func tion  
f o r  th e  l i n e a r  Mie s c a t t e r  c o e f f i c i e n t  (Kruse e t  a l ,  1962), th e  form o f  
w hich has been j u s t i f i e d  i n  t h i s  work (append ix  A8.2). Thus th e  Mie 
c o e f f ic ie n t  to  be app lied  a t  range r  i s  expressed as
= [(3.912/V(ra)) -  o C ^ i O . 5 5  ) h i O S 5 / m” "*, (8 .1 .5)
where q i s  given by
q = 0.585.V(km)^/3 fo r  V < 10 km (8.1.5a)
q = 1.3 under average seeing conditions . (8.1.5b)
The v i s i b i l i t y ,  V, i s  d e f in e d  a s  th e  v i s u a l  range  a t  which th e  t a r g e t  
c o n t r a s t  e q u a l s  t h e  t h r e s h o l d  c o n t r a s t  o f  t h e  eye* The R a y l e ig h  
c o e f f i c i e n t ,  a r i s i n g  as  a c o r r e c t i o n  i n  th e  v i s i b i l i t y  te rra ,  i s  g iv e n  by 
e q u a t io n  (8 ,1 .2). The Mie b a c k s c a t t e r  terra  i s  g iv en  (equa tion(A 8,2 ,19))  i n  
terras of the  s c a t t e r  c o e f f ic ie n t  as




Figure 8 .1 .1  normalized p lo t  of the  angular Rayleigh s c a t t e r  c o e f f ic ie n t
A l i d a r  equation desc ribes  the  d i s t r ib u t io n  of the s ig n a l  re tu rn  as a time 
or range dependent photon cu rren t a f t e r  t ransm iss ion  of a s in g le  wavelength 
pulse in to  a s c a t te r in g  atmosphere. The fo llow ing d e r iv a t io n  i s  approximate 
in  th a t  i t  assumes a re c tan g u la r  l a s e r  pulse. In  appendiiJC A8*3 a comparison 
between a Gaussian fu n c tio n  and a rec tan g u la r  photon fu n c tio n  of the  same 
d u ra tion  shows the  approximation of peak Gaussian photon power to  the  peak 
and average photon power of the  rec tan g u la r  function . Single s c a t te r in g  i s  
assumed» as d i s t i n c t  from m u lt ip le  s c a t te r in g ,  in  th a t  any photons removed 
by s c a t t e r  from the in c id e n t  l i g h t  path do not r e - e n te r  the path a p a r t  from 
those s c a t te re d  through 180°, M ultip le  s c a t te r in g  i s  ev ident where photons 
a re  s c a t t e r e d  i n  th e  fo rw a rd  d i r e c t i o n  (8 s o) o r  where pho tons  r e - e n t e r  
the l i g h t  path.
Each atmospheric or system property  involved in  the  equation i s  d iscussed 
i n  th e  fo l lo w in g  s u b - s e c t i o n s  a s  a p r o p o r t i o n a l i t y  to  th e  i n s t a n t a n e o u s  
photon  c u r r e n t  r e c e iv e d  from a range  r .  The su b seq u en t f u n c t io n s  a re  
combined to  give the l i d a r  equation.
8.2.1 A t te n u a t lo i i  ■ by„Sc.at-t-er- and Absorption
S c a t te r in g ,  as d iscussed  in  se c t io n  8,1, co n tr ib u te s  to  the a t te n u a t io n  of
th e  p u ls e  by rem oving pho tons  from th e  l i g h t  p a th .  A b so rp tio n  by
a tm o s p h e r ic  g a se s  can be e v id e n t  i n  c e r t a i n  r e g io n s  o f  th e  spec trum  and 
w ith in  c e r ta in  a l t i t u d e  ranges. At around 308 nm, the major ambient gaseous
absorber would be ozone, which i s  only a problem where i t  i s  in c reas in g ly
p resen t above the  troposphere, outw ith  the reg ion  o f t h i s  system (F leagle  
and B u s in g e r ,  p,168, f i g . 4 -20) .  (T h is  i s  c o n s i s t e n t  w i th  th e  absence  o f  
ground le v e l  r a d ia t io n  around 308 nm,, in v e s t ig a te d  sp ec tro g rap h ica l ly  and
d e s c r ib e d  i n  c h a p te r  3). Both a t t e n u a t i o n  te rm s  ta k e  th e  form o f  a B ee r-  
Lam bert e x p o n e n t i a l  a s  a f u n c t i o n  o f  range . Thus, i n  a non -un ifo rm  
atmosphere the  l in e a r  s c a t t e r  c o e f f ic ie n ts  of equations (8.1,2) and (8.1.5) 
are  app lied  over a two way path to  give the ins tan taneous  received  photon 
cu rren t as
n*(r) PC exp[-2j"^( oc.jj(r) 4 odj.j(r))dr ]. (8.2.1)
This ap p lie s  to the  extrem ely inhoraogeneous atmosphere contain ing  a smoke 
plume, where the  s c a t t e r  c o e f f ic ie n t  v a r ie s  widely along the o p t ic a l  path. 
The absorp tion  c o e f f ic ie n t  i s  expressed as an absorp tion  c ro s s -s e c t io n ,  <5* , 
and number c o n c e n t r a t i o n ,  N, so t h a t ,  f o r  a number, i ,  o f  a b so rb in g  
spec ies ,  the a t te n u a t io n  term i s  expressed as
n ' ( r )  oc exp[-2j^<^ <=J'j|^Nj^(r)dr] .  (8.2.2)
8,2.2
The s iz e  of the r e tu rn  s ig n a l  c o l le c te d  by the te lescope  i s  p ro p o r t io n a l  to 
th e  m i r r o r  a r e a ,  th e  amount o f  b a c k s c a t t e r  g iv e n  by th e  c o e f f i c i e n t s  i n  
equations (8.1.4) and (8.1.6) and the  s c a t te r in g  leng th  which gives r i s e  to 
an ins tan taneous re tu rn  s ig n a l .
The s o l i d  a n g le  w hich i s  su b ten d ed  a t  range  r  by a m i r r o r  o f  a re a  A i s  
given by
6J s A /r^  s r ,  (8.2,3)
as  i s  shown i n  f i g u r e  8,2.1. The le n g th  o f  th e  b a c k s c a t t e r  medium which
gives an ins tan taneous re tu rn  power i s  one h a l f  of the  s p a t i a l  pulse leng th  
o f  th e  l a s e r ,  d e f in e d  by th e  s p a c e - t im e  d iagram  f o r  th e  p u ls e  p a th  i n  
f i g u r e  8,2.2. Th is  ran g e  sam ple  l e n g th ,  or minimum r e s o l v a b l e  ra n g e ,  i s  
g iven as
A r  = c'2r/2 m, (8,2,4)
where  ' t  i s  th e  te m p o ra l  f u l l  w id th  a t  h a l f  maximum o f  th e  l a s e r  p u ls e  
(fwhm). Thus th e  R ay le ig h  and Mie b a c k s c a t t e r  c o e f f i c i e n t s  a re  in c lu d e d  
w i th  e q u a t io n s  (8,2 .3) and (8,2 ,4) to  g iv e
n*(r) cc Ac Z(/9p(r) •§■/3 j^ (r)) /2 r^  (8,2,5)
which i s  more conveniently  ex p ressed , u s in g  e q u a t io n s  (8 ,1 ,4) and (8 ,1 ,6 ) ,  
as
nU r) OC Ac'Z'(3<%:]^(r) 4-o^^^(r))/l67rr^, (8,2,6)
Some sources quote equation (8,2,6) in  the  form
P*(r) cc (A/4 TVr^)( 1,5<? j^ (^r) 4» c<]g^ (^r))(o T / 2 )  (8.2,6a)
w ith  a modified back sca tte r  c o e f f ic ie n t  given by
yg:(r) = 1.5c(p(r) + 0, 5‘^ |vj(r), ( 8,2,7)
The range dependence a llow s a p p l ic a t io n  to  the non-uniform atmosphere.
8.2.3 Optical.Effloienoes of the. System
A c o r r e c t i o n  i s  a l lo w ed  f o r  th e  e f f i c i e n c e s  o f  th e  t r a n s m i t t i n g  and 
rece iv ing  o p tic s .  Two r e f l e c t i o n  e f f ic ie n c e s  fo r  the te lescope  are  combined 
w i th  th e  t r a n s m i s s i o n  e f f i c i e n c y  o f  th e  narrow band f i l t e r  to  g iv e  a 
recep tio n  e f f ic ie n c y  t^. The output e f f ic ie n c y ,  t-j., i s  un ity  in  th i s  system 
where th e  p u ls e  i s  e m i t t e d  d i r e c t l y .  Thus, in c lu d in g  th e  av erag e  o r  peak 
photocurrent, n^^Ct), t ra n sm it te d  a t  time zero, we get
n*(r) oc n^j*(r)trj,.tp (8,2,8)
8 .2 .4  The_LMa£-_FLcm.at-ion
The l i d a r  equation, upon combination of p ro p o r t io n a l i t i e s  (8,2,1), (8,2,2), 
(8.2,6) and (8.2.8), d esc r ib in g  th e  b a c k s c a t t e r  and a t t e n u a t i o n  o f pho tons  
up to  range r ,  g ives the  ins tan taneous photon cu rren t,  received from range 
r ,  in  the expression
n»(r) = n^*(t)tY,tp^Act(3 o(p+o<2, | ) ,e x p [ - 2jy(o^P')'0(^^+^(^^Mj^(r))dr ]/l67rr^ (8,2,9)
f o r  th e  s i n g l e  p u ls e ,  s i n g l e  w a v e len g th  case .  Some o f  th e  i n d i c a t i o n s  o f  
range  dependence have been o m i t te d .  The e q u a t io n  i s  o f  th e  same form as 
t h a t  g i v e n  i n  o t h e r  l i d a r  w o rk s .  T h i s  i s  o n ly  a r e a s o n a b l y  good 
a p p ro x im a t io n  i f  th e  f u n c t i o n  n ^ X t) ,  f o r  the  l a s e r  o u tp u t  p u ls e ,  
r e p r e s e n t s  an av erag e  photon  c u r r e n t  ove r  th e  te m p o ra l  w id th .  E q u a tio n  
(8.2.9) g iv e s  th e  i n s t a n t a n e o u s  photon c u r r e n t  a r i s i n g  from s c a t t e r  by a 
range  e le m e n t  A r ,  be tw een  ra n g e s  r  and r*!-Ar (see  f i g u r e  8.2.2), The 
e x p r e s s io n  i s  more v a l i d  where th e  s c a t t e r i n g  le n g th ,  A r ,  i s  much l e s s  
th a n  th e  range  r .  The minimum ran g e  e le m e n t ,  d e f in e d  by th e  l a s e r  p u ls e  
dura tion , i s  given in  equation  8,2,4, The b acksea tte r ing  from a r e a l  la s e r
pulse i s  a func tion  o f  the p u lse ’s temporal shape and i s  not simply uniform 
over a f i n i t e  length, A r igo rous  approach to an an a ly s is  of the atmospheric 
t r a n s f e r  e f f e c t  on a known p u ls e  may u t i l i s e  an a tm o s p h e r ic  t r a n s f e r  
func tion , a form of which i s  derived in  sec t io n  8.3o However, in  the  simple 
case  d i s c u s s e d  h e re ,  e q u a t io n  (8.2.9) sh o u ld  be r e - w r i t t e n  a s  i f  f o r  a 
re c tan g u la r  l a s e r  pulse of r e l a t i v e ly  sh o rt  d u ra tion  A t ,  c o n s is t in g  of 
p ho tons . E q u a tio n  (8.2.9) i s  r e - w r i t t e n  to  d e s c r ib e  th e  s i g n a l  o b ta in e d  
from such a pulse. The components a re  re -a rranged  to  give the expression
n’( r )  s (nQ/At)(1.5p(i^+0.5c^^))(oAt.A.tgitp/8)vr^).exp[-g^^(A^4-o(^4' ^c^N^)dr }
( 8 . 2 , 10)
This  form o f th e  s i m p l i f i e d  l i d a r  e q u a t io n  i s  a p p l i e d  to  c a l c u l a t e  th e  
re tu rn  s ig n a l  from a s c a t te r in g  atmosphere, inc luding  the s c a t t e r  from a 
smoke plume. In  s e c t i o n  8.4 a com puter m ode lled  p r e d i c t i o n  o f  th e  r e t u r n  
d i s t r i b u t i o n  i s  g iv e n ,  i n  c o n ju n c t io n  w i th  th e  p h o t o m u l t i p l i e r  o u tp u t  
a n a ly s is  of chapter 3» The e x p o n e n t ia l  a t t e n u a t i o n  term  c o n ta in s  s c a t t e r  
c o e f f ic ie n ts  which are  considered as  having a continuous range dependence. 
However, f o r  th e  sake  o f  th e  m odel, th e  b a c k s c a t t e r  c o e f f i c i e n t s  a re  
defined fo r  each of the  back sca tte r in g  range elements, expressed as
A r  2  o A t / 2 .  ( 8 . 2 , 1 1 )
Adjacent ta rg e t  elements g ive r e tu rn  s ig n a ls  separa ted  by time element, A t,  
as  i n d i c a t e d  on th e  s p a c e - t im e  d iagram  o f  f i g u r e  8.2.3* A supposed  r e t u r n  
d i s t r i b u t i o n  i n  f i g u r e  8 .2 .4(a) i s  m ode lled  by th e  v e r t i c a l  b a rs  o f  
8 .2 .4(b). When th e  p a th  o f  a l a s e r  p u ls e  i s  s p l i t  i n t o  range  e le m e n ts  i n  
t h i s  fash ion , a model atmosphere, includ ing  a smoke plume, can be s e t  up, 
element by element, to  p re d ic t  a l i d a r  re tu rn  d i s t r ib u t io n  (sec t io n  8,4).
Figure 8,2.1 The s o l id  angle  of s c a t te re d  photons subtended by an area  
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Figure 8.2.3  Space-time diagram of the  l a s e r  pulse showing the 
s c a t te r in g  elements
n ' ( f )
At At
Figure 8.2.4 (a) A continuous l i d a r  r e tu rn  d i s t r ib u t io n(b) A modelled@ d is c r e te  re tu rn  d i s t r ib u t io n
8.3 The Lidar Transfer Funotlon
The l i d a r  e q u a t io n  (8.2.10) i s  u s e f u l  a s  i t  s ta n d s  bu t  , i n  th e  even t o f  
req u ir in g  a more accura te  r e s u l t  w ith  any known l a s e r  pulse  func tion , then 
a genera l t r a n s f e r  fu n c tio n  i s  d e s i r a b le  fo r  convolution w ith  th a t  l a s e r  
func tion . The atmospheric t r a n s f e r  func tion  in  the time domain, or
i n  th e  range  domain, H ^(r) , d e s c r ib e s  th e  a tm o s p h e r ic  and s y s t e m a t i c  
p ro p e r t ie s  involved in  l i d a r  pulse propagation from la s e r  to d e tec to r .  The 
b a s is  fo r  f ind ing  the t r a n s f e r  fu n c tio n  l i e s  in  the  p red ic t io n  of a r e tu rn  
f u n c t io n ,  n*(t)^^ which r e s u l t s  from th e  supposed t r a n s m i s s i o n  i n t o  th e  
atmosphere of a pulse which i s  approximated to  a d e l ta  func tion  of photons. 
The photon d e l ta  fu n c tio n  i s  a re c tan g u la r  pulse o f  in f in i t e s im a l  dura tion . 
A t r a n s f e r  convolution i s  app lied  to  the  d e l ta  func tion  in  a general sense 
and th e  r e s u l t  i s  compared w i th  th e  l i d a r  e q u a t io n  a f t e r  i t  has been 
app lied  to  p re d ic t  the r e s u l t  o f a d e l ta  func tion  transm ission .
The a n a l y s i s  i s  founded upon a g e n e r a l  e x p re s s io n  f o r  p u ls e  t r a n s f e r  i n  
l i d a r ,  from a form given i n  appendix A8.4, which i s  given as the product of 
Fourier  transform s in  the  convolution
w here n*(t) i s  th e  t im e  dependen t r e t u r n  f u n c t io n  and n^®(t) i s  th e  l a s e r  
o u tp u t  function.
8.3.1 Transfer o f  an In f in i te s im a l ,  Reotangular_La3er_Pulse-
The form o f  th e  r e c t a n g u l a r  l a s e r  p u l s e ,  i l l u s t r a t e d  in  f i g u r e  8,3.1, i s
given by the equation
n o » ( t)^ t  = " o / A t  (8 .3 .2 )
which can be re -expressed  as a d e l ta  func tion  i n  the l i m i t
where n^ i s  th e  t o t a l  number o f  o u tp u t  pho tons. The form of th e  d e l t a  
func tion  i s  evident i n  the  in te g r a l
J  1 / A t  d t  s 1. (8 ,3 .4 )-Ob
E q ua tion  (8,3,1) i s  a p p l i e d  to  th e  t r a n s m i s s i o n  o f  th e  d e l t a  f u n c t i o n  
o u tp u t  o f  th e  form o f  (8 ,3 .3) to  g iv e
^ n » ( t ) ^ ^  s (^nQ^(t), d^H^(t), (8 ,3 .5 )
The transform  of the  d e l t a  func tion , shown in  appendix A8.5, i s  app lied  to
equation  (8,3,5) and the  inverse  transform s are taken to  give the  im pulsive 
t r a n s f e r  equation
n ’ ( t ) ^ t  = UoH^(t), (8 ,3 .6 )
8.3.2
The l i d a r  e q u a t io n  o f  (8.2.10) i s  i n  a form w hich can be a p p l ie d  to  th e  
t r a n s m i s s i o n  o f  an im p u lse .  In  th e  l i m i t  t h a t  th e  p u ls e  d u r a t io n  , A t ,  
te n d s  to  z e ro ,  e q u a t io n  (8,2.10) i s  compared w i th  e q u a t io n  (8,3 ,6) a s  a 
func tion  of range to  g ive  the  t r a n s f e r  func tion  as a func tion  of range in
Hg^(r) s  (1 ,5 p^p 0 « 5 o ^ ) ( c A t : p t p / 8 i T r ^ ) , e x p [ - 2 j ^ ^ ( o ( p 4 ' 0 ( ^ 4 . (8*3.7)
T his  e q u a t io n  can be r e - e x p r e s s e d  i n  te rm s  o f  t im e  e la p s e d ,  a t  th e  
re c e iv e r ,  using the id e n t i t y  r  s c t /2 ,  to  become
H^(t) % (,1‘5«^ 4- 0,5^j)(A,tYtj^/8nct^),exp[-2Gj'^(odp+o^j-f ^c^N^)dt3* (8 ,3 .8 )
I t  i s  in t e r e s t in g  to  note th a t  the b ack sca tte r  func tion , (I.So i^ i^- 0.5«j, )^, i s  
complete and o pe ra tive  only upon convolution w ith  the  l a s e r  function .
I f  th e  f u n c t io n  o f  (8 ,3 .8) i s  to  be convolved  w i th  a l a s e r  f u n c t io n  
a c c o rd in g  to  th e  t r a n s f e r  e q u a t io n  (8,3.1)» th e n  th e  F o u r ie r  t r a n s fo rm  o f  
th e  t r a n s f e r  f u n c t io n  m ust be ta k en .  T h is  s u b - s e c t i o n  p r e s e n t s  j u s t  an 
approximate r e s u l t ,  fo r  the sake of completeness, but i t  was done w ith  the 
p o s s ib i l i t y  of req u ir in g  i t  in  a fu r th e r  ana lys is .  The Fourier transform  of 
the  t r a n s f e r  func tion  o f  (8.3.8) i s  expressed as the  equation
9  ^H^(t) s ( 1 0'5*<%;)(A, t%,tp/8nc),?^( 1/t2).exp[=.2cj't(p<.Q4.o^+^c^Ni)dt],
(8 .3 .9 )
I t  i s  assumed th a t  the  s c a t t e r  c o e f f ic ie n ts  in  the b ack sca tte r  fu n c tio n  are  
u n ifo rm  over th e  te m p o ra l  w id th  o f a l a s e r  p u ls e  and so th ey  a re  not 
in c lu d e d  w i t h i n  th e  t r a n s f o r m  f u n c t io n ,  A f u r t h e r  s i m p l i f i c a t i o n  i s
in troduced in  the  transform  func tion  by assuming a uniform s c a t te r in g  and 
a b so rb in g  a tm o sp h ere  up to  and beyond a smoke plume, th u s  a l lo w in g  th e  
approximation given by
expC — 2 c J ^ ^ ^  ^ exp[ * 5 *  ®^^ (8*3»10)
F u r th e rm o re ,  i f  t h e r e  i s  a l o c a l  s c a t t e r  and a b s o r p t io n  term  a p p l i c a b l e  
only between the l i m i t s ,  t^ and tg» of a smoke plume, then the a t te n u a t io n  
exponential fo r  s a c t iv e  c o n s t i tu e n ts  i s  given by
exp[-2cj^2. ((0^ 4. |c=^Ng)dt]—  ^exp[-2c(tg-t^)((cx:g+
( 8 . 3 . 1 1 )
E q u a tio n  (8.3 .9) becomes, u s in g  (8,3*10) and (8,3*11),
Hg = (1.5<^p 4- Oo5oCj,j)(At.jtp/8nc),exp[-2c(t2“ t.,)((p^p ^
X (1/t^).exp[-2((x:p 4- 4- ^ ‘=^N^)ct] (8 .3 ,12)
which i s  transform ed (Campbell and Poste r , p.68, 606.1, 1961) to  the  r e s u l t
^  Hg = (1,5oC^ 4- 0,5^i,j)(AtYtp/87Tc),exp[-2c(t2” t.j)((o<r'j^4-o^)g 4^





Figure 8 .3 .1  An impulsive l a s e r  func tion
8.4 A Model of the Lidar Return from — AtmagJ^h^ng.
Equation (8.2,10) i s  app lied  in  combination w ith  the p h o to m u lt ip l ie r  output 
e q u a t i o n  (3 ,1 ,2 7 )  t o  m o d e l ,  on an A corn Atom m ic ro -c o m p u te r , th e  
o s c i l l o s c o p e  t r a c e  o f  a l i d a r  r e t u r n  from a smoke plume. In  s e c t i o n  8.6 a 
co m parison  i s  made be tw een  th e  m o de lled  r e t u r n s  and th o s e  o b ta in e d  i n  
s in g le  pulse s c a t te r in g  experiments described in  s ec t io n  8,5.
8.4.1 Background to  the.Model
The b a s i s  to  th e  model a tm o sp h ere  i s  in t r o d u c e d  i n  s u b - s e c t i o n  8.2.4 and 
f i g u r e s  8,2,3 and 8.2.4, A m ic ro -c o m p u te r  program i s  s e t  up in  BASIC to  
g ive the  p h o to m u lt ip l ie r  output vo ltage  a r i s in g  from a range element A r j .  
E q u a t io n s  (8.2,10) and (3*1.27) g iv e  th e  v o l ta g e  c o rre sp o n d in g  to  pho tons  
from range r  as
V(r) ^ nQ«]eGnj (^ 1.5'^+0.5'^j,j)(cAt.ptj^/8Kr^) ,expC~2j^(‘^ j^ 4-o<’j,j+ )dr]
(8 ,4 .1 )
which i s  v a l id  in  the e q u a l i ty  fo r  an output time constan t, ^ 0 ^ ,  which i s  
much le s s  than any temporal changes i n  the  re tu rn  s igna l .  In  the  event th a t  
such a l i m i t  f a i l s ,  then the  vo ltage  given by V(r) must be considered as a 
minimum value to  ap p rec ia te  th a t  a s t r i c t  expression would give higher peak 
response fo r  g re a te r  R^ Cj^  through s ig n a l  in te g ra t io n .  The r e tu rn  s ig n a l  i s  
c a l c u l a t e d  f o r  e a c h  r a n g e  e l e m e n t  by c o n s id e r in g  th e  b a c k s c a t t e r  
c o e f f ic ie n t  a t  the element. The a t te n u a t io n  term i s  given by the sura of the 
s c a t t e r  and absorp tion  depths up to  the  element and i s  re-expressed ,
fo r  one absorbing spec ies ,  by
e xp [» 2y'^(o  ^ 4- 66^ 4. ] —> ex p [ - 2 |(c j^ j^ 4* Ar j » Ar j] .
(8 .4 .2 )
For the  purpose of the  model, equation (8.4.1) i s  expressed as 
¥ ( r j )  = nQf|eGHj^.(1.5<^j 4- 0"5o^j)[oAt^t|^ /87c(j.drj)^]
X expC“ 2^(<^j 4*c<jjj)A rj -  2 « ^ ^ N j A r j ] ,  (8 .4 ,3 )
where the  range element i s  given by (8.2.4) as
A r  j  = 0 T / 2 .  ( 8 , 4 . 4 )
The a p p l i c a t i o n  o f  th e  minimum r e s o lv e a b le  range element ignores system 
bandw id th , th e  j u s t i f i c a t i o n  be ing  i n  th e  use  o f  a 100-o.load r e s i s t a n c e ,  
R^. The range  o f i n t e r e s t  i s  e x p re s s e d  a s  th e  t o t a l  o f th e  range  e le m e n ts  
covered , A model a tm o sp h e re  a lo n g  th e  p u ls e  p a th ,  i n d i c a t e d  i n  f i g u r e  
8.4.1, i s  defined per range element in  terms of an app rop ria te  atmospheric 
v i s i b i l i t y  and c o n c e n t r a t i o n  o f  SOg i n  ppm. The R ay le igh  s c a t t e r i n g  
c o e f f i c i e n t  i s  d e f in e d  by e q u a t io n  (8,1.2) and th e  v i s i b i l i t y  i s  used  i n  
equation (8.1.5) to give the  Mie c o e f f ic ie n t .  The presence of a smoke plume 
i s  en tered  by reducing the  v i s i b i l i t y  value fo r  a s e r i e s  of range elements 
to  cover th e  s p a t i a l  e x t e n t  o f  th e  plume. Su lphur d io x id e  c o n c e n t r a t i o n  
w i t h i n  th e  plume, e n te r e d  i n  ppm, i s  c o n v e r te d  by e q u a t io n  (A9®1»5) to  a 
number concen tra tion  fo r  use in  the a t te n u a t io n  term of (8.4,3),
Each parameter of (8,4.3) i s  evaluated  in  a sub-rou tine . A f in a l  eva lua tion  
i s  made p e r  range  e le m e n t ,  fo l lo w e d  by a p l o t ,  on a g r a p h ic s  d i s p l a y ,  of 
v o l t a g e  a s  a f u n c t io n  o f  ran g e . The r e t u r n  from th e  e n t i r e  ran g e  i s  b u i l t
up by steady increments o f  the  q u an ti ty  j  in  r e p e t i t i o n  o f the  a n a ly t ic a l  
program . Table  8.4,1 l i s t s  th e  p a ra m e te r s  used  i n  th e  program . C o n s ta n ts  
a re  e n te r e d  w i th  th e  program l i s t i n g  b u t  system  p a ra m e te r  v a lu e s  a r e  
en tered  when the program i s  run. The model atmosphere i s  s e t  up by en te r in g  
th e  v a lu e s  o f  a r r a y  v a r i a b l e s  f o r  v i s i b i l i t y  and SOg c o n c e n t r a t i o n  over 
d efineab le  sec t io n s  of the  range. A fter a re tu rn  has been modelled a re -ru n  
can be made f o r  d i f f e r e n t  p a ra m e te r s .  The program i s  l i s t e d  i n  append ix  
A8.6.
8,4,3 Mo,dellecL_Re tu rn s
The l i d a r  model was used  to  p r e d i c t  th e  l i d a r  s i g n a l ,  as  an  o s c i l l o s c o p e  
output vo ltage  d i s t r ib u t io n ,  from an atmosphere contain ing  a smoke plume 
and SOg absorber. The smoke plume was s im ulated by lowering the  v i s i b i l i t y  
i n  t h a t  r e g io n ,  th e re b y  i n c r e a s i n g  smoke d e n s i t y .  The plume m odels were 
based on th e  r e l a t i v e  s p a t i a l  SOg c o n c e n t r a t i o n  d i s t r i b u t i o n  g iv e n  in  
f i g u r e  8 .4 .2(a) and th e  l o c a l  v i s i b i l i t y  d i s t r i b u t i o n  o f  f i g u r e  8 .4 .2(b), 
g iv in g  a h y p o t h e t i c a l  plume c r o s s - s e c t i o n  l i k e  t h a t  i n  f i g u r e  8 ,4 .3 , as  
would be o bserved  from a d i r e c t i o n  p e r p e n d ic u la r  to  th e  l i g h t  p a th .  
Experiments a t  Methil power s t a t i o n  took l i d a r  re tu rn s  from a smoke plume, 
a t  a l i d a r  range  o f  ab o u t 200 m., from th e  chimney top  to  abou t 100 m, 
along the  plume. The model was based on the experim ental s i tu a t io n  w ith  a 
view to  matching th e o r e t i c a l  and em p ir ica l  r e s u l t s  to  check the v a l id i t y  of 
e q u a t io n s  (8.4,1) and (8,4.3) and check ing  t h a t  th e  s i g n a l  a c q u i s i t i o n  
system was opera ting  c o rre c t ly .
System param eters and cond itions  p e r ta in in g  to the  modelled s i tu a t io n  are  
l i s t e d  in  ta b le  8.4,2. The accurac ies  of these param eters alone suggests  an 
u n c e r ta in ty  of t l6 ^  in  applying equation (8,4.1). V i s ib i l i t y  and SOg le v e l  
range d i s t r ib u t io n s  are g iven in  ta b le  8.4.3 and the modelled re tu rn s  are
rep ro d u ced  i n  f i g u r e s  8 .4 .4(a) to  (e ) .  A c l e a r  sky i s  assumed to  have a 
v i s i b i l i t y  o f  20 km. The f u l l  plume e x t e n t  i s  s e t  a t  45m, w i th  a d e n se r  
cen tre  of width 9m.
F ig u re s  8 .4 .4 (a ) ,  (b) and (o) a re  r e a l i s t i c  p r e d i c t i o n s  o f  th e  s i g n a l s  
ex p ec te d  from a power s t a i o n  plume a t  a range  o f  220 m., based  on th e  
knowledge t h a t  SOg c o n c e n t r a t i o n s  a t  th e  chimney top  o f  M e th i l  power 
s t a t i o n  may be e x p ec ted  to  f a l l  w i t h i n  th e  range  TOO to  1400 ppm (o u tp u t  
f ig u re ,  SSEB 1977). The th ree  modelled plumes are  id e n t ic a l  ap ar t  from the 
SOg bu rdens . Peak v o l t a g e s  a r e  n o ted  f o r  co m parison  w i th  e x p e r im e n t a l ly  
obtained re tu rn s .  No r e tu r n  i s  p red ic ted  from beyond the plume due to  the 
a t te n u a t iv e  e f f e c t s  of s c a t t e r  and absorption.
Figures 8.4.4(d) and (e), on d i f f e r e n t  vo ltage  s c a le s ,  are  not a ttem p ts  a t  
modelling a r e a l  s i tu a t io n .  In each, the dense s c a t te r in g  medium, s t a r t i n g  
a t  200 m., i s  c o n t in u e d  beyond t h a t  ran g e . The medium i n  8.4.4 (d) c a r r i e s  
an SOg burden which preven ts  a r e tu rn  from beyond sev e ra l  m etres o p t ic a l  
d ep th . In  8.4 .4(e) th e  absence  o f  SOg g iv e s  a s t r o n g e r  s i g n a l  and a l lo w s  a 
r e t u r n  to  be d e te c te d  from th e  d e n se r  a tm o sp h e re .  T h is  shows th e  
p re d o m in a n t ly  1 / r ^  p r o p o r t i o n a l i t y  which w i l l  impose an upper l i m i t  on 
p r a c t i c a l  l i d a r  range. However, a g re a te r  problem appears to  be in  probing 
deep in to  an SOg laden atmosphere, because of s trong  absorption.
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elements 45 49 51 55
range 203 221 230 240
Figure 8 .4 ,2 (a) R ela tive  s p a t i a l  and s ec t io n a l  d i s t r i b u t io n  of 
SOg co ncen tra tion  fo r  







(b) R ela tive  s p a t i a l  and 
s ec t io n a l  d i s t r ib u t io n  of 
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Figure 8 .4 .4 (a )  to  (e) Modelled s in g le  pulse I ld a r  re tu rn s
Table 8.4.1 Program Parameters for Modelled Lidar Return
Parameter Type Program A naly tica l 
Symbol V ariab le
D escrip tion
Constants speed of l ig h t  
Planck»s constant 




















la s e r  pulse fifhm 
la s e r  pulse energy 
l a s e r  wavelength
la s e r  pulse transm ission  e f f ic ie n cy  
te lescope  m irror area  
m irror r e f l e c t i v i t y  
d e tec to r  f i l t e r  t ra n sm is s iv i ty  
pho tom ultip lie r  quantum e f f ic ie n c y  
pho tom ultip lie r  ga in  
pho tom ultip lie r  load r e s is ta n c e  
atmospheric p ressure  
temperature







v i s i b i l i t y  in  range element defined by 
a rray  components
SOp concen tra tion  in  range element 





















v i s i b i l i t y  (km)
SO2 concen tra tion  (ppm)
Rayleigh s c a t t e r  c o e f f ic ie n t
Mie s c a t t e r  c o e f f ic ie n t
power in  Mie c a lc u la t io n
s c a t t e r  a t te n u a t io n
absorp tion  a t te n u a t io n
b acksca tte r  c o e f f ic ie n t
s c a t t e r  a t te n u a t io n  accumulation
absorp tion  a t te n u a t io n  accumulation
wavelength (308nm to  0.55 ) 
number of l a s e r  pulse photons 
received  photon cu rren t  from range r  
recep tio n  e f f ic ie n cy  
range
pho tom ultip lie r  output vo ltage
program counter and range increment 
number of range elements
Table 8.4.2 System Parameter Values for the Lidar Model
D escrip tion Symbol Value
Laser pu ise , fwlim r 32  ns (3%)
Laser puise energy Eo 5 mj (10%)
Laser wavelength X 308 nm
Laser puise  transm ission  e f f ic ie n c y tcy 1
Telescope m irror area A 0.0507 m^
M irror r e f l e c t i v i t y (H 0.8
Detector f i l t e r  t ra n sm iss iv i ty Tp 0.2 m )
Photom ultip lie r quantum e f f ic ie n c y 0.01 (10%)
Photom ultip lier gain G 10^
P ho tom ultip lie r  load re s is ta n c e % 100
Atmospheric p ressure P 1013 mbar (1%)
Temperature T 283 °K (2%)
SOg gas absorp tion  c ro s s -s e c t io n c / 23 X 10"2*
Range element c r / 2 4.5 m (3%)
Table 8 ,4 .3  Parameter Values of a Model Atmosphere 
V i s i b i l i t y  and SOg concen tra tion
Total plume ex ten t  of 45m; major plume density  across  gm range, 
Range element leng th  of 4,5m.



























































8 . 5  Single Pulse Experiments at Methil Power Station
Experiments,  i n v o l v i n g  s i n g l e  p u l se s ,  were carr ied  out at Methi l  power 
stat ion .
The o s c i l l o s c o p e  t r a c e s  o f  f i g u r e  8,5*2 were ta k en  from th e  d i f f e r e n t  
ta rg e t  p o s i t io n s  along and in  the cen tre  of the smoke plume, i l l u s t r a t e d  in  
f ig u re  8,5.1, I r r e g u la r i ty  of the  pulse i s  due to the  impedance mis-raatch 
o f  100jl/1Mji- between the p h o to m u lt ip l ie r  load r e s i s t o r  and the o sc i l lo sco p e  
inpu t. Peak vo ltag es  and approximate s ig n a l  pulse w idths a re  tab u la ted  in  
t a b l e  8,5,1, The m easured  s c a t t e r i n g  ran g e  e lem en t i s  g iven . The ra n g in g  
fe a tu re  of l i d a r ,  by time of f l i g h t  measurement, was not attempted,
A l a r g e  s i g n a l  was o b ta in e d  by d i r e c t  s c a t t e r  from the  chimney s t a c k  
i t s e l f .  T h is ,  shown i n  f i g u r e  8 ,5 ,2 (e ) ,  i s  th e  s i n g l e  range  re sp o n se  from 
s c a t t e r  from a s u r f a c e .  The e x p e c te d  r e t u r n  p u ls e  w id th  would be t h a t  o f  
the  t ra n sm itted  l a s e r  pulse, as shown in  the  space-tim e diagram of f ig u re  
8,5,3. However, th e  w id th  a p p e a r s  to  be abou t one h a l f  of t h a t  e x p e c te d ,  
w ithout considering  th e  e f f e c t  of instrum ent response. Figure 8.5,4 shows 
th e  r e d u c t i o n  i n  peak v o l t a g e  from r e t u r n s  i n  f i g u r e s  8.5 .2(a) to  (d) as  
they are  taken from the plume, fu r th e r  along from the chimney. A reduction  
i s  expected since b a ck sca tte r  i s  reduced as  the smoke becomes more d if fu se .  
However, the e f f e c t  i s  p a r t i a l l y  o f f s e t  by the reduc tion  in  SO2  absorp tion  
as i t  too becomes l e s s  concen tra ted  along the plume. Thus, the peak voltage 
does not appear to drop a s  much in  t h i s  r e l a t io n  as might be expected.
The re tu rn  pulse temporal w id ths i n  f ig u re s  8.5.2(a) to  (d) a re  in te rp re te d  
to  g iv e  th e  ap p ro x im a te  s p a t i a l  e x te n t  o f  th e  plume v i a  th e  i d e n t i t y  of 
e q u a t io n  (8.2 ,11). However, i n  t a b l e  8,5.1, a c o r r e c t i o n  i s  made to  th e
d i r e c t  t r a n s la t io n  of the  temporal widths by su b trac t in g  the  s in g le  range 
re s p o n se ,  i n  s p a t i a l  t e rm s ,  a s  o b ta in e d  from th e  chimney s t a c k  r e t u r n  o f  
f i g u r e  8 .5 .2 (e ) , C o r re c te d  s p a t i a l  w id th s  a re  g iv en  f o r  th e  fwhm o f  th e  
r e t u r n ,  d e s c r ib in g  th e  e x t e n t  o f  th e  b u lk  o f  th e  plume, and f o r  th e  base  
width of the  re tu rn ,  d esc r ib ing  the  f u l l  measureable ex ten t of the  plume. 
These values  are  p lo t te d  in  f ig u re  8,5,5 to  show the r e l a t i o n  w ith  d is tance  
along the plume; ie ,  the d ispers ion , A more p ra c t ic a l  in t e r p r e ta t io n  o f  the  
v a lu e s  i s  i n  f i g u r e  8,5*6, w hich  i s  o f  th e  m easured smoke plume e x t e n t  i n  
s e c t i o n .  The chimney to p  d ia m e te r  o f  5,6 m, super im posed  on f i g u r e  8 ,5,6, 
i s  very c lose  to  the plume d iam eter measured ju s t  above, providing a u se fu l  
check on the  width r e s u l t s ,  A s im i la r  p r o f i l e  was produced by Hamilton from 
an i n v e s t i g a t i o n  o f  th e  N o r t h f l e e t  power s t a t i o n  plume (P,M,Hamilton, 
1969), The s p a t i a l  in t e r p r e t a t i o n  of the  plume d iam eter fu r th e r  from the 
chimney i s  p ro b ab ly  th e  lo w e r  l i m i t  due to  a t t e n u a t i o n  by th e  plume 
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Figure 8.5«1 Schematic re p re se n ta t io n  of the smoke plume from the 
chimney a t  Methil power s t a t io n  during l i d a r  experiments, 
showing the sample po in ts  (a) to  (e)
ct
r
s in g le  range  re sp ons e
Figure 8 .5 .3  Space-time diagram showing expected s in g le  range response
( a )  980 mV pk 100 n s /d i v  l b |  730 mV pk 100 n s / d i v
V r
I 200 mV pk 2 0 0 n s / d i v  95 mV pk 200 ns /d i v
( s )  2 1 5 0 mVpk 100n s /d lv  chimney re furn
Figure 8 .5 .2 (a )  to  (e) O scillograph t ra c e s  of l i d a r  re tu rn  pu lses  from






(m) D i s t a n c e  a long  smoke  plume
Figure 8 .5 ,4  V a r ia t io n  of peak vo ltage  in  re tu rn s  from p o s i t io n s  along 
the smoke plume a t  Methil power s t a t io n
|m) ful l  d e t e c ta b le  e x t e n t20
15
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Figure 8.5*5 V aria t io n  of the  se c t io n a l  ex ten t of the  Methil plume along i t s  leng th










Figure 8 .5 .6  S ec tiona l ex ten t of the  Methil plume as revealed  by the 
r e s u l t s  o f  the l i d a r  experiment
Table 8 .5,1 Lidar Return Pulses from Methil Power S ta t io n  Plume 
Peak Voltages and Pulse Widths
Target Peak vo ltage  Pulse widths (ns) S ca tte r in g  range element (m) 
la b e l  (mV) uncorrected co rrec ted














6.00 11.3 3,45 6.05
7,50 17.3 4,95 12,05
9.90 19.5 7.35 14.25
,5 25.5 16.95 20.25
2.55 5.26
8.6 Comparx3on_ Betw_e_en Experlmenfc.al_an(LJ4_o_cielled Single PuXse_Xldar_net.urn
A com parison  betw een th e  e x p e r im e n ta l  r e t u r n s  o f  s e c t i o n  8.5 and th e  
modelled re tu rn s  of s e c t io n  8.4 serves to  check the v a l id i ty  of the  l i d a r  
and p h o t o m u l t i p l i e r  o u tp u t  e q u a t io n s  and to  t e s t  th e  l i d a r  s i g n a l  
a c q u is i t io n  system.
The modelled re tu rn s  of f ig u re s  8.4.4(a), (b) and (o) are  compared w ith  the 
e x p e r im e n ta l  r e t u r n s  o f  f i g u r e s  8 .5 .2 (a ) ,  (b ) , (c) and (d). An im m ed ia te  
d i f f e r e n c e  i s  th e  a p p a re n t  l a c k  o f  n e a r  f i e l d  ( 1 / r ^ )  s c a t t e r  on th e  
e x p e r im e n ta l  r e t u r n s .  I t  i s  s u sp e c te d  t h a t  t h i s  i s  due to  poor l a s e r  and 
t e l e s c o p e  f i e l d  o v e r la p  a t  s h o r t e r  range  a l th o u g h  th e  a l ig n m e n t  was 
accura te  enough fo r  good smoke plume re tu rn s .  The l a s e r  and te lescope  f u l l  
f i e ld s  are approximately 8 mrads and 10 rarads re sp ec t iv e ly ,  c lose  enough 
fo r  alignment inaccuracies to  cause near f i e l d  s ig n a l  lo ss .
In  th e  co m parison , th e  model and e x p e r im e n t  a re  matched by smoke plume 
w id th  and peak v o l t a g e s .  The model p lum es have a bulk  smoke w id th  o f  9m. 
T h is  d im en s io n  i s  m atched to  th e  e x p e r im e n ta l  r e s u l t s  to  f i n d  th e  
ap p rop ria te  p a r t  of the  em p ir ic a l ly  measured Methil plume by using f ig u re  
8.5.5, which shows th a t  the Methil plume has a 9m bulk width a t  130m along 
from th e  chimney. F ig u re  8.5.4 shows t h a t  th e  ex p ec te d  (m easured) peak 
voltage  re tu rn ,  from 130m along, i s  about 150mV. This, in  tu rn , i s  r e la te d  
back to  the  model in  f ig u re  8.4.4(b), where a peak re tu rn  vo ltage  of 153mV 
r e p r e s e n t s  th e  r e t u r n  from a smoke plume c a r r y in g  a bu lk  burden  o f  1000 
ppm. A burden o f  1000 ppm would not be expected in  a r e a l  plume as f a r  away 
from the chimney as 130m. However, the model does not allow fo r  absorp tion  
by SOg in  the range in te rven ing  between the l i d a r  system and the plume; ie .  
th e  am b ien t SOg c o n c e n t r a t i o n  i s  ta k e n  as  z e ro .  Thus, th e  m ode lled  plume
burden i s  c o n s id e re d  a s  an upper l i m i t  i f  a r e a l  s i t u a t i o n  i s  en v isa g e d .  
Another reason fo r  rais-match between the model and the r e a l  s i tu a t io n  would 
be i f  th e  t e l e s c o p e / l a s e r  f i e l d  a l ig n m e n t  was ina® ura te ,  c au s in g  th e  
e x p e r im e n ta l  peak v o l t a g e s  to  be lo w e r  th an  a model s i t u a t i o n  would 
p red ic t .  In  t h i s  case, fo r  example, higher peak vo ltage  would correspond to  
a modelled plume carry ing  a lower SOg burden, as shown in  f ig u re  8.4.4(c), 
where the SOg burden i s  500ppm.
Apart from the experim ental absence of the  short range s c a t t e r  and the h i t  
or miss in c lu s io n  of SOg le v e l s ,  the  model seems to give a reasonably c lose  
c o r r e l a t i o n  w i th  th e  e x p e r im e n ta l  e v id en ce  on p u ls e  w id th ,  a l th o u g h  
experim ental peaks are  s t i l l  s l i g h t ly  on the  low s ide  of the  p re d ic t io n s  i f  
r e a l i s t i c  SOg burdens  a r e  c o n s id e re d .  On th e  whole th e  ag reem ent would 
i n d i c a t e  t h a t  th e  p r o to ty p e  l i d a r  s i g n a l  a c q u i s i t i o n  equ ipm ent i s  
fu n c t io n in g  a s  d e s ig n ed . The a lg o r i th m  f o r  d e s c r ib in g  th e  l i d a r  r e t u r n  
s ig n a l  appears to be adequate.
8.7 Sam,p.le_Tlme_.and- Range Resolution
The ins tan taneous  received  s ig n a l  i s  obtained by back sca tte r  of ra d ia t io n  
from over a s p a t i a l  leng th , A  r ,  defined by the l a s e r  pulse dura tion , T , in  
e q u a t io n  (8.2,4) and shown i n  th e  s p a c e - t im e  diagram  o f  f i g u r e  8,2.2. 
S ig n a l  h a n d l in g  equ ipm ent w i l l  sam ple  th e  r e t u r n  s i g n a l  ov e r  a f i n i t e  
sample tim e, Tg, The e f f e c t iv e  s p a t i a l  re so lu t io n  i s  thus increased  from 
i t s  minimum o f  0 ^ / 2  to  t h a t  w hich depends on the  sam ple  t im e  o f  th e  
eq u ipm en t,  a s  shown i n  th e  s p a c e - t im e  d iagram  o f  f i g u r e  8,7.1. The range  
r e s o lu t io n  i s  given by
A r  = c ( z +  r g ) / 2 .  (8.7.1)
The processing equipment e f f e c t iv e ly  in te g ra te s  over the time period Tg. 
T his  sam ple  t im e  and th e  s i g n a l  p ro c e s s in g  bandw id th  a re  r e l a t e d  i n  
e q u a t io n  (9,3*5). A q u a n t i t a t i v e  a n a l y s i s  o f  th e  w hole l i d a r  r e c e i v e r  
a l lo w s  d e f i n i t i o n  o f  sy s tem  bandw id th  and t h e r e f o r e  o f th e  range  
resolution®
t % ( 2  
crl2
X T ,
Figure 8.7,1  Sample time and i t s  r e l a t io n  to  range re s o lu t io n  shown 
on a space«»tirae diagram of the  l a s e r  pulse
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Chapter , 9 Exoimer Laser. Differential,Ab_gn>nptlorLLl_dar.-(DIAL-)_Tlm_Qry
C hap ter  8 d i s o u s s e a  th e  c o l l e c t i o n  o f  pho tons  from over th e  s c a t t e r i n g  
range  d e s c r ib e d  by th e  v a r i a b l e  r .  The l i d a r  e q u a t io n  (8.2.10) a s  d e r iv e d  
i s  app lied  to  s in g le  pulse , s in g le  wavelength tran sm iss io n  and desc r ibes  
the  m odif ica tions  to  the  c o l le c te d  s ig n a l  which are  imposed by s c a t t e r  and 
a b s o r p t io n .  The l a t t e r  f e a t u r e  i s  a p ro p e r ty  w hich  i s  a f u n c t io n  o f  th e  
amount o f  th e  a b so rb in g  g as .  I f  i t  were p o s s ib l e  to  d e f in e  e x a c t ly  th e  
s c a t t e r  c o e f f i c i e n t s ,  l e a v i n g ,  a s  th e  only  unknown, th e  a b s o r p t io n  
a t te n u a t io n  terra, then a measurement of re tu rn  power w ith  re sp ec t  to  the  
o u tp u t  power would a l lo w  c a l c u l a t i o n  o f  th e  a b s o r p t io n  dep th  and, w i th  
knowledge of the  gas abso rp tion  c ro s s -se c t io n ,  the  gas concen tra tion  would 
be o b ta in e d .  However, s c a t t e r i n g ,  e s p e c i a l l y  by a e r o s o l s ,  i s  to o  
complicated and v a r ia b le  a phenomenon to  asign  s u f f i c i e n t ly  accura te  va lues  
to  c o e f f i c i e n t s .  In  a d d i t i o n ,  i t  i s  no t n e c e s s a r i l y  j u s t  one gas  w hich  
absorbs the  ra d ia t io n .  A p r a c t ic a l  so lu t io n  i s  to  e l im in a te  the  s c a t t e r  and 
s u p e r f lu o u s  a b s o r p t io n  te r ra s  i n  d i f f e r e n t i a l  a b s o r p t io n  l i d a r ,  w hich 
in v o lv e s  two p u l s e s ,  each o f  a d i f f e r e n t  w av e len g th .  I t  i s  co n v en ie n t  to  
c o n s id e r  th e  l i d a r  e q u a t io n  a p p l i e d  f o r  each p u ls e .  The w a v e le n g th s  a re  
c lose  enough fo r  the  s c a t t e r  term s to  be equ ivalen t. Target gas s e le c t io n  
i s  o b ta in e d  by m a tch ing  an a b s o r p t io n  c r o s s - s e c t i o n  d i f f e r e n c e  to  th e  
re sp ec t iv e  wavelengths so long as a l l  o ther gases e x h ib i t  a f l a t  abso rp tion  
sp ec tru m  i n  t h a t  r e g io n .  Thus, i n  DIAL th e o ry  a r a t i o  o f  two l i d a r  
equations g ives the  r e tu rn  power r a t i o  as a func tion  of gas concentra tion . 
Methods by w hich DIAL has been a p p l i e d  to  SO2 m o n i to r in g  have been
d is c u s s e d  i n  c h a p te r  1. In  t h i s  work th e  SOg spec trum  i s  m atched t o  th e  
XeCl* dual wavelength output, a lso  in troduced in  chapter 1.
Conventional dual wavelength DIAL, using the XeCl^ output, i s  analysed in  
t h i s  chapter to  give the  express ion  fo r  ta rg e t  gas concen tra tion  in  terms 
of r e tu rn  s ig n a l  r a t io .  This, d i s t i n c t  wavelength DIAL, i s  considered and 
evaluated s p e c i f i c a l ly  fo r  d e tec t in g  SOg w ith  regard  to  d e tec t io n  l i m i t s  
a r i s in g  from measurement innacurac ies .  Later sec t io n s  repea t the  procedure 
fo r  a novel form o f SOg DIAL, a fe a tu re  of t h i s  work, where each DIAL pulse 
i s  o f  mixed w av e le n g th  c o n te n t  bu t r e l a t i v e  l e v e l s  w i t h i n  a p u ls e  a re  
d i f f e r e n t .  The l a t t e r  fo rm , mixed w av e len g th  DIAL, was deve loped  a s  a 
r e l a t i v e ly  simple but robust way of applying the dual wavelength nature  of 
th e  XeCl* l a s e r  o u tp u t  t o  a f i e l d  in s t r u m e n t  f o r  m o n i to r in g  SOg w h i l s t  
avoiding the  expensive and f r a g i l e  methods fo r  s e le c t in g  one l in e  a t  a time 
( d i s c u s s io n  o f  l a s e r  tu n in g  i s  i n  c h a p te r  5). An a b s o r p t io n  c e l l ,  p la c e d  
w i t h i n  th e  o p t i c a l  c a v i t y  o f  th e  l a s e r ,  m ere ly  m o d if ie s  th e  r e l a t i v e  
i n t e n s i t i e s  o f  th e  two l i n e s  f o r  one o f  th e  DIAL p u ls e s .  The second p u ls e  
i s  t ra n s m it te d  una lte red .
A s u b s t a n t i a l  s e c t i o n  on n o is e ,  9.3, in  d e f in in g  e r r o r  so u rc e s  i n  th e  
sy s tem , i s  in c lu d e d  to  a l lo w  d e f i n i t i o n  o f  DIAL a c c u r a c i e s  i n  SOg 
measurement.
9o1 Dual Pulse. Distinct Wavelength DI&L__
A DIAL system re q u ire s  an a lgorithm  to  t r a n s la t e  the  r e tu rn  s ig n a l  le v e l s  
in to  a value fo r  the ta rg e t  gas concentra tion . This s e c t io n  takes  the  l i d a r  
e q u a t io n  o f  c h a p te r  8 and r e p e a t s  i t  f o r  two w a v e le n g th s .  The r a t i o  i s  
taken to  e l im in a te  s c a t te r in g  terras from the requ ired  function .
E q u a tio n  (8.2,10) w i th  (8 ,2,7) i s  a p p l ie d  f o r  w av e le n g th  to  g iv e  th e  
r e tu rn  photon cu rren t received  from range r  as
n»(r) 2 n-j ^^(oA/8Rr2)t%tp,exp[-2^r^c<M 4^XQ)dr].exp[-2^^<^^Ndr]p(9.1»1)
where n  ^ i s  the  number o f  photons per pulse a t  A-| and i s  the  absorp tion  
c ro s s -s e c t io n  o f  a t a rg e t  gas a t  assuming a s in g le  absorber. S im ila r ly ,  
the  r e tu rn  photon cu rren t a t  wavelength Ag i s  given by
n " ( r )  s Ug ^UcA/87rr^)t,jttp,exp[-2r^( *(Xp)dr].exp[-2r^<ygNdr],(9.1 2)
where Ug i s  the  number of photons per pulse a t  Ag and =^ g i s  the  absorp tion  
c r o s s - s e c t i o n  o f  a t a r g e t  g a s  a t  Ag. In  o rd e r  to  p ro v id e  a range  
re so lveab le  r e s u l t ,  co n s id e ra t io n  i s  given to  s ig n a ls  received  from over 
th e  i n t e g r a t e d  range  r  and from th e  i n t e g r a t e d  range  p lu s  th e  t a r g e t  
e lem en t r Ar, The p o l l u t a n t  gas  number c o n c e n t r a t i o n  i s  ta k e n  a s  an 
a v e ra g e ,  Np, over th e  ran g e  r  and, l i k e w i s e ,  N, over th e  range  r  + A r, so 
t h a t  th e  e x p o n e n t i a l  a b s o r p t io n  a t te n u a t io n  arguments fo r  wavelength A^  
a re  given by the  approximations
-2T''(^^N(r)dr -2  c/^Npdr (9 .1 .3 )
and
-2 F " ^ % N (r )d r  -2  -  2 r .  (9 .1 .4 )
4,
S im ila r ly ,  the  absorp tion  a t  Ag i s  given by the approximations
-2 j^  ^gN(r)dr :6 -2  d^N^r (9 .1 .5 )
and
-2 r+ ^S ^N (r)d r  ^  -2 d^W^r -  2«=^ 'gN r .  (9 .1 .6 )4,
E q u a t io n s  (9.1 ,1) and (9 .1 .2 ) ,  a p p ly in g  to  range  r ,  w i th  th e  use  o f  (9.1.3) 
and (9 .1 .5 ) , a re  r a t i o e d  and th e  n a t u r a l  lo g a r i th m  i s  ta k e n  to  g iv e  th e  
in te g ra te d  concen tra tion  over range r ,  as Np in  the expression
ln [ ( n * ( r ) / n ” ( r ) ) , ( n g /n ^ ) ]  = -2(  ^ -  <^g)Npr, (9 .1 .7 )
The same i s  done f o r  a p p l i c a t i o n  to  th e  range  ( r  + A r ) ,  u s in g  (9.1.4) and
(9 .1 .6 ) ,  t o  g iv e
ln [ ( n '( r + 4 r ) /n " ( r + 4 r ) ) . ( n g /n ^ ) ]  = -2( d^ -  dg)(Npr 4- N A r) .  (9*1.8)
The lo g a r i th m  r a t i o  d i f f e r e n c e s  o f  (9-1*7) and (9-1.8) i s  ta k e n  to  a l lo w  
s o l u t i o n  o f  th e  e x p r e s s io n  f o r  a v e rag e  t a r g e t  c o n c e n t r a t i o n ,  over th e  
range-reso lved  element A r ,  g iving
N 3 ( -1 /2  Ar( -  < /g ) ) . ( ln [n ' ( r + f \ r ) /n " ( r+ A r ) ]  -  l n [ n * ( r ) /n " ( r ) ] )  m”^-
(9 .1 .9 )
In r a t io in g  the  s in g le  wavelength re tu rn s ,  the  l ik e  term s cancel. This i s  
one o f  th e  p r i n c i p a l  f e a t u r e s  o f  DIAL, e l i m i n a t i n g  u n p r e d i c t a b l e  
atm ospheric  and system atic  v a r ia b le s .
Appendix A9.1, e q u a t io n  (A9-1.5), o u t l i n e s  a c o n v e rs io n  f o r  c o n c e n t r a t i o n  
from u n i t s  o f  m°"  ^ t o  u n i t s  o f  p a r t s  p e r  m i l l i o n ,  ppm. E q u a tio n  (9.1-9) 
becomes
N» 3 (=Tp/1.45X10^^,Ar(d-j- d g ) ,P p ) , ( ln [n*(r+ A r)/n” (r+Ar)] -  ln [ n * ( r ) /n " ( r ) ]  
ppm, (9*1.10)
The c o n v e r s io n  can be a p p l i e d  to  (9*1*7) and (9*1*8), A p p l i c a t io n  o f  th e  
DIAL e q u a t io n s  i n  d i f f e r e n t  fo rm s ,  a s  th e  b a s i s  f o r  an a lg o r i th m  i n  DIAL 
s ig n a l  in te rp re ta t io n ,  or as the  b a s is  fo r  a model, i s  d iscussed  in  s e c t io n  
9 ,9 .
9.1*1 Eff_e_c_t3„of Pressure__and T ^ p u ra tu re „ V a r ia t io n
Pressure  and tem perature  v a r ia t io n s ,  i f  no c o rrec t io n  i s  made, w i l l  have a 
d i r e c t  e f f e c t  on the  accuracy of the  concen tra tion  c a lc u la t io n  as given by 
equation (9.1.10), The v a r i a t io n  of p ressure  w ith  he igh t,  h i s  expressed in  
appendix A9.2 g iv ing
Pp(h) 3 P ,ex p [-0 ,0 3 4 h /T ) ,  (9*1*11)
where P_ i s  th e  p r e s s u r e  a t  ground l e v e l .  The v a r i a t i o n  o f  p r e s s u r e  fromo
th a t  assumed a t  the  ground (or an a r b i t r a r y  height) i s  g iven by
AP^(h) % = 100(1 - exp[-0.034h/T]), (9.1.12)
w hich  i s  p l o t t e d  f o r  a t e m p e r a tu r e  o f  283°K i n  f i g u r e  9.1*1. The p r e s s u r e  
v a r ia t io n  can be 2.5% a t  a height of 200m (T=283°K) r i s in g  to  about 11% a t  
1 km. For m easurem en ts  o b ta in e d  a t  h e ig h t s  above a b o u t  750m i t  may be 
d e s i r a b l e  to  c o r r e c t  f o r  th e  v a r i a t i o n  from ground l e v e l  p r e s s u r e  by 
a p p ly in g  th e  ra n g in g  a s p e c t  o f  l i d a r  and th e  a n g le  o f  l a s e r / t e l e s c o p e  
e l e v a t i o n ,  in the e x p r e s s i o n
h = r . s in e ^ .  (9,1.13)
Thus, a p ressure  compensated DIAL equation  i s  equation (9.1*10) modified by 
equations (9,1,11) and (9.1.13) to  give the  concen tra tion  a t  range r  as
N '  = ( - T y i , 4 5 X 1 0 ' ( % r ( / ^ - . * ^ ) P g . e x p [ - 0 . 0 3 4 r , s i n 9 ^ / T ^ ] )
X ( ln [n ^ (r+ûr)/n” (r+ûr)] -  l n [ n ? ( r ) / n " ( r ) ]  ppm, (9*1.14)
In  e q u a t io n s  (9*1*11), (9*1.12) and (9*1*14) th e  te m p e r a tu r e  T(°K) i s
assumed to  be constant over the  l i d a r  range. Likely tem perature  v a r ia t io n s  
and t h e i r  e f f e c t  a r e  d i s c u s s e d  i n  th e s e  two p a ra g rap h s  w i th  r e g a rd  to  
am bien t t e m p e ra tu re  and l o c a l i s e d  e x tre m es ,  A v a r i a t i o n  i n  am bien t 
tem perature  from the  assumed value of 28S°K w i l l  be w i th in  db10%, g iving a 
maximum v a r ia t io n ,  or e r ro r ,  o f 3*5% in  the  concen tra tion  r e s u l t .  Since the  
am b ien t te m p e r a tu r e  w i l l  be more c l o s e l y  d e f in e d  th a n  ±10%, th e  e r r o r  
a r i s i n g , f r o m  t h i s  so u rc e  w i l l  be i n s i g n i f l e a n t  i n  com parison  w i th  t h a t  
a r i s in g  from pressure  and lo c a l i s e d  tem perature  v a r ia t io n s .  In o ther words, 
th e  d i r e c t  consequence o f  t e m p e ra tu re  u n c e r t a i n t y  as  an e r r o r  i n  
concen tra tion  eva lua tion  i s  n e g l ig ib le  as long as the  ambient tem perature 
i s  measured or es tim ated  fo r  in c lu s io n  in  equation (9,1,10) or (9*1.14),
A tem perature  problem a r i s e s  when measuring ta r g e t  gas co ncen tra tion  w ith in  
a smoke plume near to  the  chimney, where tem peratures a re  e leva ted  to  above 
am b ien t .  When t h i s  i s  th e  c a s e ,  th e  te m p e ra tu re  v a lu e  i n s e r t e d  i n t o  th e  
DIAL e q u a t io n  sh o u ld  be e s t i m a te d  a t  a h ig h e r  l e v e l .  Chimney to p  plume 
tem perature  a t  M ethil power s ta t io n ,  F ife  can be 440 ± 20 °K (SSEB, 1982). 
For a p p ly in g  t h i s  i n f o r m a t io n  to  plume m easurem ents  n ear  to  th e  chimney 
to p ,  th e  te m p e ra tu re  p a ra m e te r  i n  e q u a t io n s  (9*1.10) and (9*1*14) would 
have a value mid-way between the  maximum a t  460 and the  ambient. In t h i s  
way the  accuracy of concen tra tion  measurements across  the  s teep  tem perature  
g r a d i e n t  from maximum to  am b ien t  would be w i t h i n  a b o u t 25%* T h is  i s  
c o n s id e re d  t o  be a c c e p ta b le  i n  th e  p r e s e n t  form o f  th e  system  a l th o u g h  
th e re  i s  room fo r  improvement w ith  regard  to  the d e f in i t io n  of tem perature.
I f  necessary in  a p rec ise  a p p l ic a t io n ,  the data  requ ired  fo r  compensation 
of p ressure  and tem perature  v a r ia t io n ,  as defined above, would be obtained 
by s e n s o r s  l in k e d  to  m ic r o - p r o c e s s o r  c o n t r o l ,  u s in g  l i d a r  ra n g in g  
in form ation , of the  DIAL da ta  handling system. In applying an equation of 
the  form of (9*1*10) to  a th e o r e t i c a l  or experim ental s i tu a t io n ,  w ith in  the  
scope of t h i s  work, tem perature  param eters are  s e t  according to  an average 
v a lu e  betw een am bien t and l o c a l i s e d  maximum. The p r e s s u r e  i s  s e t  by th e  
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Figure 9 .1.1  V aria t io n  o f  atmospheric p ressure  w ith height
9.2 Theoretloal._Slgn.al Ratlo_s_from_Dlstino_t_W.avelenKt):LJHAL_3Û2-BgJ^.urng
E q u a tio n  (9.1 ,8) and th e  u n i t s  c o n v e r s io n  o f  (A9.1.5) a r e  used  in  a model 
s i t u a t i o n  to  r e l a t e  th e  r e t u r n  s i g n a l  r a t i o  n '( r+ A r) /n " (r+ A r)  to  th e  
c o r re sp o n d in g  m easured SO2 c o n c e n t r a t i o n ,  N* (ppm), assum ing  a t a r g e t  o f  
length  Ar a t  range r  and an average ambient SOg le v e l ,  Np* (ppm), measured 
over th e  i n t e g r a t e d  ran g e .  E q u a t io n s  (9.1.8) and (A9.1.5) a re  combined to  
give
n*(r+Ar)/n"(r+Ar) 2 (n ^ /n g ) .e x p [-1 . 4 5 X 1 0 ^ -  <fg)Pp(mb)(Np*r 4* N*Ar)/Tp],
(9 . 2 . 1)
The minimum r e s o lv e a b le  ran g e  e lem en t  Ar i s  g iv e n  ( f ro m (8 .2 .1 1 )) by th e
la s e r  s p a t i a l  pulse w idth, o?/2. The equation  parameter va lues  in se r te d  fo r
the purpose of t h i s  a n a ly s is  a re  l i s t e d  in  ta b le  9.2,1, The l a s e r  temporal
pulse width was measured (see ta b le  4,9.1). The r a t i o  of the  i n t e n s i t i e s  of
the  two XeCl em ission peaks, n^/ng, was given the best s t a t i s t i c a l  value,
obtained as the  average o f  17 se le c ted  readings (see su b -sec tio n  4.9.5(b)),
T h is  r a t i o  i s  d e f in e d  pe r  p u ls e  p a i r  i n  th e  DIAL system  a cc o rd in g  to  a
norm aliza tion  procedure which i s  described  l a t e r .  A tem perature  of 370°K i s
s e t  as the  average between the  chimney top plume tem perature  and a minimum
am bien t o f  0®C, The work o f  D .J .B ra s s in g to n  a t  C.E.R.L (Lab. note  No.
RD/L/2055N81, June  1981 and D .J .B ra s s in g to n ,  1981) p ro v id ed  an SOg
*absorp tion  spectrum to  give the  c ro s s - s e c t io n  d iffe rence  between the XeCl 
ex c im er  w a v e le n g th s  a t  308.17 nm and 3 0 7 . 9 2  nm (Sze and S c o t t ,  1978), The 
wavelengths and c ro s s -s e c t io n s  are  r e l a t e d  in  chapter 1, Figure 9.2,1 i s  of 
p l o t s  o f  th e  r e t u r n  r a t i o s ,  n '(r+Ar)/n"(r4 '&r), g iv e n  by e q u a t io n  (9.2.1 ), 
w hich a r e  e x p ec ted  t o  a r i s e  from DIAL d e t e c t i o n  o f  SOg c o n c e n t r a t i o n ,  N* 
ppm over fo u r  ra n g e s  assum ing  th e  t a r g e t  range  and i n t e g r a t e d  range  SOg
level, The program listing for these calculations is in appendix A9.3«
The (r+Ar) q u a l i f i c a t i o n  on n* and n” i s  ig n o re d  i n  th e  r e s t  o f  t h i s  
t h e s i s ,  n*(r+Ar)/n”(n+Ar) b e in g  e x p re s s e d ,  s im p ly ,  as  nV n”,
F ig u re  9.2,1 shows, ro u g h ly ,  th e  c o rre sp o n d in g  a cc u ra cy  r e q u i r e d  i n  th e  
m easured r a t i o ,  nVn", f o r  a d e s i r e d  a ccu racy  i n  m easu r in g  th e  SOg 
c o n c e n t r a t io n .  The c o n c e n t r a t i o n  a c c u ra c y ,  d e f in e d  by * s u g g e s t s  a 
d e s i r e d  acc u ra cy  i n  th e  r a t i o  nV n” w hich i n  t u r n  r e q u i r e s  a c e r t a i n  
acc u ra cy  i n  m easu r in g  each  o f  n’ and n"* P r e c i s i o n  o f  SOg c o n c e n t r a t i o n  
measurement i s  defined and examples a re  evaluated fo r  t h i s  case in  s ec t io n  
9.4, a f t e r  th e  i n t r o d u c t i o n  to  e r r o r  s o u rc e s  i n  s e c t i o n  9*3 from w hich  an 

















Table 9.2.1 Model DIAL Equation Parameters
D escrip tion Symbol iValue !
Average temperature (smoke a t  top of 
chimney Tr 370°K 1
fwhm of l a s e r  pulse ( ta b le  4 .9 .1 ) T 32 ns
SOg abso rp tion  c ro s s -s e c t io n s  (D .J .B rass ing ton , 1981) - ' l 27.5 X 10-2% m218.5 X 10=24 pj2
Average ambient SOg le v e l  over 
range r
0.05 ppm
Range o f t a r g e t  element r 200 m ,
Atmospheric p ressure  (s tandard) Pr 1013 rabar
XeCl* la s e r  peak in te n s i ty  
r a t i o s  between 307.92 and 308.17 nm 
(accura te  va lues , ta b le  4.9*3, due 
to  Sze and S co tt)
" l / " 2 0.6915
SOg absorp tion  c e l l  a c t iv e  leng th X 0.01 ffi
Absorption c e l l  temperature T 283 °K
Number of s in g le  passes of the  
absorp tion  c e l l  (c o r re c t io n  fa c to r ) K 2.36
Cell m a te r ia l  abso rp tion  fa c to r  
(by experiment) K 0,8
9.3 Error, Sources in, the ExoinLer_Jias.er_I)IAL_S,Ya.t_eja
Any e r ro r s  which a r i s e  in  handling the  DIAL s ig n a ls  w i l l  have a subsequent 
e f f e c t  on the  measurement accuracy of the  ta rg e t  gas concentra tion . This 
s e c t i o n  in t r o d u c e s  each p r e d i c t a b l e  e r r o r  s o u r c e  and  d e v e l o p s  i t  
q u a n t i ta t iv e ly  as i t  appears in  t h i s  ap p lic a t io n .  An express ion  i s  derived 
fo r  the  t o t a l  noise appearing in  the  peak vo ltage  measured across  the  anode 
o f  th e  d e t e c t i n g  p h o t o m u l t i p l i e r ,  a l lo w in g  th e  f o r m a t io n  o f  a f u r t h e r  
express ion  fo r  s ig n a l - to -n o is e  r a t i o ,  which can be in te rp re te d  as a system 
e r r o r .  T h is  i s  c o n s id e re d  l a t e r  i n  th e  c h a p te r  i n  e v a lu a t in g  th e  
th e o r e t i c a l  concen tra tion  measurement accuracy in  d i s t i n c t  wavelength and 
mixed wavelength DIAL. S ig n a l- to -n o ise  r a t i o  can a lso  be used to  define the 
maximum range  o f  th e  system  i f  a tm o s p h e r ic  v i s i b i l i t y  and t a r g e t  
backsca tte r  c o e f f ic ie n ts  can be evaluated. This was not done because of the  
absence of an em pir ica l  comparison.
One defineab le  source of e r ro r  in  the  system i s  the  e le c t ro n ic  measurement 
accuracy of the  a n a lo g u e - to -d ig i ta l  conversion which, a t  12 b i t ,  i s  0.024%. 
Major noise co n tr ib u tio n s  come from the various types of noise which are 
c h a r a c te r i s t i c  of a p h o to m u lt ip l ie r  and o u tp u t  s i g n a l  c h an n e l ,  in c lu d in g  
the  s t a t i s t i c a l  components of the  s ig n a l  i t s e l f .  Undefineable e r ro rs  a r i s e  
in  p a r ts  of the  system. These are  discovered when the  equipment i s  operated 
and a r e  removed or red u ced  d u r in g  th e  f i r s t  s t a g e s  o f  th e  o p e r a t i o n a l  
period .
The lo w er  l i m i t  f o r  SOg c o n c e n t r a t i o n  d e t e c t i o n  may be im posed by th e  
s t a t i s t i c a l  f lu c tu a t io n s  (shot noise) in  the  ph o to m u ltip lie r  dark cu rren t ,  
the  s ig n a l  a r i s in g  from atmospheric background ra d ia t io n ,  or in  the  s ig n a l  
i t s e l f .  The background le v e l ,  e f f e c t iv e ly  b iasing  the s ig n a l ,  may a lso  be a
problem. The ex ten t of the  l i m i t a t i o n  i s  dependent on the  system bandwidth 
and th e  s i g n a l - t o - n o i s e  r a t i o  r e q u i re m e n t .  S ig n a l  a v e r a g in g ,  d e s c r ib e d  
below , can be used  to  im prove s ig n a l - to - n o i s e  r a t i o  w h i l s t  m a in ta in in g  a 
high bandwidth.
9.3.1 Baokgrojund R adiation
Background r a d i a t i o n  may o b scu re  a weak r e t u r n  s i g n a l  w i t h i n  i t s  random 
f l u c t u a t i o n  or sh o t  n o is e .  A ll  s h o t  n o is e  components, and t h e i r  e f f e c t  
w i t h i n  th e  system  a re  d e a l t  w i th  i n  s u b - s e c t i o n  9.3.3. That a n a l y s i s  
re q u ire s  th a t  the  le v e l  of background ra d ia t io n  , a f fe c t in g  the  DIAL s ig n a l  
channel, be estim ated . The le v e l  o f  s o la r  ra d ia t io n  a t  ground le v e l  v a r ie s  
a cc o rd in g  to  th e  t im e  o f  day and a tm o s p h e r ic  c o n d i t i o n s ,  i e .  w h e th e r  th e  
sky i s  cloudy or c lea r .  A q u a l i t a t i v e  so la r  spectrum of s c a t te re d  r a d ia t io n  
a t  ground le v e l  in  St.Andrews i s  given in  chapter 3 as p a r t  of the  work on 
the d e tec to r  and the  reduc tion  o f background in te r fe re n c e .
A u se fu l  value fo r  sky rad iance  a t  the  f i l t e r  peak t ran sm iss io n  wavelength 
of 307 nm i s  e s tim ated  from the i r r a d ia n c e  sp ec tra  of K nestrick  and Curcio 
(1970)(5 mWm”2sr'"^nm” ^), Kondratyev (R a d ia t io n  i n  th e  A tm osphere, p.876, 
1969)(1 mWm“’2sr=^ nm”  ^) s u p p o r te d  by o ther wavelength re fe rence  values of 
Byer and Garbuny (1973)(@ 400 nm) and A drain  e t  a l  (1979, K ondra tyev- 
derived) (@ 300 nm), A maximum adopted value of 5 mWm“’2 s r“ ^nm“  ^ i s  app lied  
to  th e  system  w i th  a f i l t e r  o f  a c e r t a i n  bandw id th  and a t e l e s c o p e  o f  a 
c e r ta in  f i e l d  of view and m ir ro r  area  to  give the  c o l le c te d  power which can 
be e v e n tu a l ly  e x p re s s e d  a s  an av e rag e  ca thode  c u r r e n t .  G e n e ra l ly ,  th e  
cathode cu rren t a r i s in g  from a slcy rad iance, F, i s  given by
^kb = ^  e ^pTT Ao2(rads)B^j^ (nm)F/4ho, (9 .3 .1 )
where T^ , is the filter peak transmission at wavelength is the
p h o to m u lt ip l ie r  quantum e f f ic ie n c y ,  A i s  the  area  of the  te lescope  m irro r 
of r e f l e c t i v i t y  it  , 9 i s  the  te lescope  p lanar f u l l  f i e l d  o f  view and i s  
th e  f i l t e r  bandw id th . E q u a t io n  (9.3=1 ), e v a lu a te d  f o r  th e  system , w i th  
parameters in  t a b le  9.3.1, g ives  a maximum background cathode cu rren t as
ikb max " 6 .3  X 10” ^  ^ amps. (9 .3 .2 )
Background i s  av o id ed  to  a g r e a t  e x t e n t  by o p e r a t in g  i n  a r e g io n  o f  th e  
spectrum where ground le v e l  s o la r  r a d ia t io n  i s  a t  a minimum (chapter 3), a 
u s e f u l  f e a t u r e  o f  th e  XeCl* ex c im er  l a s e r  l i d a r .  A narrow band f i l t e r  
re d u c e s  d e t e c t e d  r a d i a t i o n  to  t h a t  a t  th e  r e g io n  o f  i n t e r e s t .  F u r th e r  
r e d u c t io n  i s  by u s in g  an a d j u s t a b l e  i r i s  to  c o n f in e  th e  f i e l d  o f  view o f  
the  re c e iv e r  to  th a t  of the  l a s e r  f i e l d  of divergence. The main fea tu re  of 
th e  d e t e c t i o n  system  i n  t h i s  work i s  th e  use o f  a n e a r ly  s o l a r  b l in d  
p h o to m u lt ip l ie r ,  s e n s i t iv e  only to  u l t r a - v i o l e t  r a d ia t io n  (chapter 3). The 
d.c component of the  background which does e x is t  can be compensated fo r  in  
the  DIAL an a ly s is .  However, the  randomly generated shot noise, ca lcu la ted  
below, i s  more of a problem as the  d.c. le v e l  inc reases .
9.3.2 B ho to m u lt iP lle r ,_ Dark C u rre n t
The EMI G26H314LF p h o to m u lt ip l ie r  , described in  chapter 3, was se lec ted  fo r  
i t s  very low photooathode dark cu rren t ,  or thermal em ission of e lec tro n s .  
The maximum d a rk  c u r r e n t  i s  e x p re s s e d  i n  th e  EMI c a ta lo g u e  a s  an anode 
maximum of
^ad max = 0.2 nA (9*3.3)
which, assuming a gain of 10^, gives a cathode maximum of
j-kd nax = 2 X 10-16 (9.3.1)
The anode dark cu rren t quoted fo r  the  p a r t i c u la r  tube used was 4 X 10"^2 
amps,
9.3.3 -QyemIl_Shot Noise and Bandwidth
Shot noise in  the  photon s ig n a l  a r i s e s  from the random a r r iv a l  o f  quanta a t  
th e  p h o tooa thode . I t  i s  a n a ly se d  a s  " th e  s t a t i s t i c a l  f l u c t u a t i o n  i n  th e  
em ission r a t e  of p ho to -e lec trons  r e s u l t in g  from both s ig n a l  and background 
r a d i a t i o n  i n c i d e n t  upon th e  d e t e c t o r "  (Northend e t  a l ,  1966), The e f f e c t  
w orsens  i f  th e  sam ple , o r  i n t e g r a t i o n ,  t im e ,  A t ^ ,  i s  red u ced  so t h a t ,  
during the  in te rv a l  A t^ ,  any f lu c tu a t io n  in  the  r a te  of photon or e le c t ro n  
a r r i v a l  i s  more no ticeab le . System response c h a r a c te r i s t i c s  a re  expressed 
as the  measurement bandwidth, B, r e la te d  to  A tg  according to  the  equation
B = 1/2 Atg, (9.3,5)
(Monte Ross, L ase r  R e c e iv e r s ,  1966), A b r i e f  d i s c u s s i o n  of bandw id th  i s  
n e c e s sa ry  b e fo re  d e f in in g  sh o t  n o is e .  F o llo w in g  from e q u a t io n  (9 .3 ,5 ), a 
h ig h e r  bandw id th  system  i s  d e s i r a b l e  where f a s t  t im e  r e s o l u t i o n  i s  
r e q u i r e d .  Thus, i n  l i d a r ,  th e  bandw id th  d e f in e s  th e  ran g e  r e s o l u t i o n  
according to  equation (8,7.1) where ^ g  = Atg.
The measurement bandwidth of the  system i s  l im i te d  to  th a t  of the  component 
w i th  th e  s lo w e s t  re sp o n se .  T h is  r e q u i r e s  a d e f i n i t i o n  and e v a lu a t io n  o f  
component bandwidths. I f  the  d e te c to r  has a response time of Atp, then i t  
has a bandwidth given by
Bçj = 1 / 2 7t A t p  (9 .3 .6 )
(Monte Ross, Laser Receivers, 1966, p.BO) and determined from the  r i s e  tim e 
s p e c i f i c a t i o n .  The p h o t o m u l t i p l i e r  o u tp u t  c i r c u i t  r e sp o n se  t im e  i s  
determined by the  load re s is ta n c e ,  R|^  and the p a r a l l e l  load capacitance, 
g iv ing  the  output bandwidth as
Bpg = (9 .3 ,7)
Any fu r th e r  s ig n a l  handling equipment, be i t  a d ig i t a l  processor or simply 
an o s c i l l o s c o p e ,  p o s s e s s e s  a bandw id th  c a l l e d  Bp, The system  bandw id th , 
B ,g iven  i n  e q u a t io n  (9 .3 .5 ) ,  i s  g iv e n  by th e  lo w e s t  o f  B B j^ q o r  Bp,
Shot noise i s  defined in  a c u rren t ,  i ,  averaged over a sample time Atg, by
th e  rms. v a lu e  g iv e n  by (R ice ,  1945; Grum and B ec h e re r ,  O p t i c a l  R a d ia t io n  
Measurement, vol,1, Radiometry, p,l82, 1979)
(^ 2 ) 1 / 2  _ (2 e iB)1 /2^ (9.3.8)
due to  S c h o ttk y  i n  1918 (O t t ,  Noise R ed u c tio n  T echn iques  i n  E l e c t r o n i c  
Systems, p,208, 1976), Cathode shot noise  has th ree  components. That of the 
s ig n a l  cu rren t ,  i^ ,  i s  accompanied by th a t  of the  background cu rren t ,  1%^, 
and t h a t  o f  th e  ca th o d e  d a rk  c u r r e n t ,  i ^ j .  The l a t t e r  two c u r r e n t s  a r e  
q u a n t i f i e d  f o r  t h i s  ex c im er  l a s e r  l i d a r  system  in  (9.3*2) and (9*3.4). The 
ca th o d e  c u r r e n t  sh o t  n o is e  i s  g iv e n  by th e  r o o t  o f  th e  sum o f  th e  sq u a re s  
in
:  (2el%B + 2eikyB + (9.3.9)
At the  anode, the  cathode shot noise has been increased  by the o v e ra l l  ga in  
o f  th e  p h o t o m u l t i p l i e r .  In  a d d i t i o n ,  th e  s t a t i s t i c a l  v a r i a t i o n  o f  th e  
dynode seconda ry  e m is s io n  c o e f f i c i e n t s ,  i s  ta k e n  i n t o  acco u n t.  The
m ajo r c o n t r i b u t i o n  to  dynode n o is e  i s  from th e  f i r s t  s t a g e ,  where any 
f l u c t u a t i o n  i s  a m p l i f i e d  by th e  g r e a t e s t  p a r t  o f  th e  m u l t i p l i e r  ch a in .  
C o n t r ib u t io n s  from l a t e r  s t a g e s  d e c r e a s e  t o w a r d s  t h e  an o d e  (EMI, 
P h o t o e l e c t r i c  C e l l s  and P h o t o m u l t i p l i e r s ,  1961; RCA, E l e c t r o - O p t i c s  
Handbook, 1974), The anode shot noise i s  given by
( ia g 2 )1 /2  _ [(2G2ei%B 4- 4- 2G 2ei^ jB )(1+ 1 /S .;+ 1 /^ .. .  n )]1/%
(9 .3 .10)
The dynode shot noise f a c to r  can be approximated, assuming equal secondary 
em ission c o e f f ic ie n ts ,  to  give the  u se fu l  anode shot noise expression
(iag^)**^^ = [(2G2eij^B 4- 2G2eij^^B + 2G2eij^^B)(1/(1-1/5., ) ) ] ‘‘''2 , (9.3 = 11)
where the  secondary em ission c o e f f ic ie n t ,  5^, i s  given by th a t  a t  the v i t a l  
f i r s t  s tage  in  equation (3.1.1) expressed as
= A(Vi)B, (9=3=12)
where the constan ts  are  defined fo r  the  EMI G26314LF tube , i n  sec t io n  3,4, 
w i th  th e  v a lu e s  A = 0.098 and B = 0,737. The v o l ta g e  V.j, depends on th e  
o v e ra l l  opera ting  vo ltage  V^, An o v e ra l l  vo ltage  of 1600V g ives  V.j as 130V, 
a llow ing the  secondary em ission c o e f f ic ie n t  to  be given by (9=3=12) as
5 1 = 3.5= (9=3 = 13)
The e f f e c t  o f  s h o t  n o is e  i s  on ly  red u ced  i f  th e  bandw id th  i s  lo w e re d ,  a t  
the  cost of temporal re so lu t io n ,  or i f  s ig n a l  s t ren g th s  a re  increased*
9.3*4 Ther m a.~L _( J ohn3_on)_NQls_e,
Therm al n o is e  g e n e r a te d  i n  th e  p h o t o m u l t i p l i e r  o u tp u t  lo a d  r e s i s t o r  i s  
given as  an e f f e c t iv e  anode noise component by the  expression
( ia R 2 )1 /2   ^ (%kTpB/RL)1/2. (9*3.14)
In  e s t i m a t i n g  th e  l e v e l  o f  t h i s  n o is e  so u rc e  a v a lu e  f o r  te m p e r a tu r e  i s  
assumed a t  293°K, A maximum v a lu e  f o r  th e rm a l  n o is e  would be g iv e n  by a 
lo a d  r e s i s t a n c e  o f  50-a„ Assuming a bandw id th  w hich  i s  l i m i t e d  by th e  
o u tp u t  c i r c u i t  c o n s t a n t ,  R^C^, th e n ,  by e q u a t io n  (9.3*7), fo r  a lo a d  
capacitance, Cj ,^ o f  335 pF (measured on the pho to m u lt ip l ie r  output cable to  
the  s ig n a l  processing u n i t ) ,  the  maximum ba^width i s  given as
®max = 10 Hz. (9*3*15)
This g ives
= 5.7 X 10“ ® A. (9.3.16)
9*3.5 Total. ■A nodeJoise
T o ta l  n o ise  a t  th e  anode i s  o b ta in e d  from th e  c o m b in a t io n  o f  e q u a t io n s  
(9.3*11) and (9*3*14), w hich  g iv e s
( i a n 2 ) 1 / 2  = [ ( E G ^ e i ^ B  4. 2 G ^ e i ^ ^ y B  4- 2 G ^ e i ^ ^ B ) ( 1 / ( 1 - 1 / 6 . { ) )  4- 4 k T p B / R L ]
(9*3.17)
A maximum anode n o ise  c u r r e n t  would be g iv e n  by th e  maximum component 
v a lu e s ,  g iv e n  i n  (9*3=2), (9*3*4), (9*3*14) and (9=3*16)* Maximum bandw id th  
i n  th e  p r e s e n t  system  would be 10^ Hz, a c c o rd in g  to  (9*3*15)* E q u a tio n  
(9*3=17), u s in g  from (9*3*13), i s  e v a lu a te d  to  g iv e
( l a n ^ ) 1 / 2 ^ a x  = [ 4 ' 5 i k  +  2.8 X 10-10]1/2 . (9.3.18)
From th e  e v a l u a t i o n  i n  e q u a t io n  (9*3*18), i t  a p p e a rs  t h a t  th e  s i g n a l  
independent p a rt  of the  noise problem in  t h i s  maximum case i s  due p rim ari ly  
to  background, w ith  some s l ig h t  co n tr ib u t io n  from m u l t ip l ie r  chain noise. 
Even when a lower background rad iance  i s  considered, a t  a le v e l  of 1 mWm” 
2sr=1nm=1 (Kondratyev, R ad ia tion  i n  th e  A tmosphere, 1969) i n s t e a d  o f  th e  
adopted maximum a t  5 mWm=^sr=1nm=1 (Knestrick and Curcio, 1970), then the  
background induced noise  i s  s t i l l  a magnitude of roughly 100 tim es higher 
th a n  th e  maxima l i k e l y  to  o r i g i n a t e  as  th e rm a l  o r  as  d a rk  c u r r e n t  sh o t  
n o is e  ( f a c t o r  o f  10^ a s  e q u iv a l e n t  c u r r e n t s ) .  On th e s e  grounds th e  da rk  
c u r r e n t  and th e  th e rm a l  components a r e  ig n o re d  and a re  d is c o u n te d  i n  
fu r th e r  noise an a ly s is .  Thus the  anode cu rren t noise expressed in  equation 
(9*3*17) i s  approximated by
( rg „ 2 )1 /2  = Q[2.8eB(ik + ik y ) ]  1/2, (9.3.19)
w here th e  secondary  e m is s io n  n o is e  c o n t r i b u t i o n  has  been c a l c u l a t e d  
a cc o rd in g  to  e v a lu a t io n  (9-3*11)»
At t h i s  s ta g e  th e  c o n s i d e r a t i o n  o f  d a rk  c u r r e n t  l i m i t a t i o n  has been 
removed, leav ing  background or s ig n a l  shot noise as the po ss ib le  l im i t a t i o n  
on system accuracy, expressed in  the  S/N r a t i o  below.
9 .3 .6  B,ignal ,^t,Q,-?NQ,l3_e-Ra t  lo  (8/N)
The s ig n a l - to -n o is e  r a t i o  a t  the  anode i s  the  r a t i o  of the  anode cu rren t to  
th e  rms anode n o is e  c u r r e n t  g iv e n  i n  g e n e r a l  by e q u a t io n  (9.3.17)® In  
p a r t i c u la r ,  however, the  S/N r a t i o  in  measuring the  peak vo ltage  response 
e x p re s s e d  a s  th e  peak ca th o d e  c u r r e n t  i s  g iv en  by u s in g  e q u a t io n  (9.3.1 9) 
in
8/M (  ifc p k / [ 2 . 8 e B ( l k  + i k y ) ] 1 / 2 ,  (9 .3 .20)
where the  in e q u a l i ty  i s  Introduced to  r e a l i s t i c a l l y  apply (9.3.20) to  the  
S/N r a t i o  of the  peak vo ltage  de tec ted  in  the f i r s t  s tage  sample-and-hold 
c i r c u i t  of the  l i d a r  s ig n a l  processor (chapter 5),
The bandwidths of the  p resen t system are  given as
Bj = 7 X loT Hz ( 9 . 3 . 2 1 )
fo r  the  EMI G26H314LF p h o tom ultip lie r  and
®RC max " Hz, (9 .3 .22)
g iv e n  i n  (9-3.15) fo r  a minimum lo a d  r e s i s t a n c e  of 50-n.and th e  m easured 
anode c a p a c i ta n c e  o f  335pF ( in c lu d in g  th e  c o - a x ia l  c a b le ) .  The l i m i t i n g  
bandwidth fo r  s u b s t i t u t io n  in to  (9.3*20), because i t  i s  lower, i s  based on 
th a t  of the  RC output c i r c u i t ,  given by equation (9.3*7) as
HrC “ 1 / 2  7tRj^ Cj^ o ( 9 . 3 . 2 3 )
9.3.6(a) S/N Ratio_jlQ_J)IAL
E q u a t io n s  (9.3.20) and (9.3*23) a r e  a p p l ie d  t o  p l o t t i n g  th e  maximum S/N 
r a t i o  f o r  lo a d  r e s i s t a n c e  (and bandw id th) v a r i a t i o n  i n  f i g u r e  9*3.1, a t  
d i f f e r e n t  peak cathode s ig n a l  cu rre n ts ,  pk* program l i s t i n g  fo r  the  
c a lc u la t io n  i s  in  appendix A9.5*
An a d d i t i o n a l  g u id e  to  th e  lo a d  r e s i s t a n c e  w hich  sh o u ld  be used  i n  a 
p a r t i c u la r  DIAL a p p l ic a t io n  i s  given by the corresponding range re s o lu t io n  
s c a l e  i n  f i g u r e  9.3*1 where th e  sam ple  t im e ,  Tg i s  d e te rm in e d  by th e  lo a d  
r e s is ta n c e  according to  equation (9*3.7) and e q u a t io n  (9*3*5)* The minimum 
d e tec ta b le  vo ltage  p r o f i l e  i s  included in  f ig u re  9*3*1 as the  lower l i m i t  
of a vo ltage  corresponding to  the  peak cathode cu rren t,  shown as ij^ (As the  
^L^L c o n s ta n t  i n c r e a s e s  th e  v o l t a g e  developed  a c r o s s  th e  lo ad  R^ i s  
a c t u a l l y  g r e a t e r  th a n  t h a t  g iv e n  by th e  s im p le  Ohm*s law r e l a t i o n ;  see  
c h a p te r  3)*
The value of the  background le v e l  i s  a lso  marked on f ig u re  9*3*1 as a guide 
to  the  expected minimum s ig n a l  levels*
9*3.7 Signal Averaging. and__Mea3_ur_eme_n_t_Error
I f  th e  e r r o r  i n  a s i n g l e  m easurem en t,  M, i s  AE and m m easurem en ts  a r e  
taken and averaged, then  the  e r ro r  i n  the  sum of the  measurements i s  given 
by the  sum of the  squares of the  e r ro r s  as
= (raAE2)1/2 (9*3*24)
w i th  th e  r e s u l t  t h a t  th e  e r r o r  i n  th e  av e rag e ,  M, by d iv id in g  (9.3*24) by 
m, i s  given by
A M  = z\E/m1/2. (9*3*25)
Thus, s ig n a l  averaging of m pulse measurements w i l l  reduce the  e r ro r  per 
average by a fa c to r  m1^^.
The p e rc e n ta g e  e r r o r  in  a s i n g l e  m easurem ent i s  o b ta in e d  from th e  
re c ip ro c a l  of the s ig n a l - to -n o is e  r a t i o  in
AE/M = 1/(S /N ), (9*3*26)
The r e s u l t i n g  e r r o r  i n  m a v e ra g e s  i s  l in k e d  to  th e  s i n g l e  m easurem ent 
s i g n a l - t o - n o i s e  r a t i o  by e q u a t io n s  (9*3*25) and (9*3*26) in
AM/M = 1/(8/N)m1/2, (9*3*27)
The e r ro r  expressed by the s ig n a l - to -n o is e  r a t i o  i s  e f f e c t iv e ly  reduced by 
s i g n a l  a v e ra g in g .  However, i f  a c e r t a i n  e r r o r  ( AM/M)^^^ i s  th e  maximum 
allowed, then the  to le r a te d  s in g le  measurement S/N r a t i o  can be reduced as 
more s ig n a ls  a re  averaged. In t h i s  case, (9*3*27) i s  s p e c i f i c a l ly  expressed 
as
( 8 / M ) t o i  = 1 0 0 / (  (9.3.28)
The measurement e r ro r  of equation (9*3*26) i s  included in  f ig u re  9*3*1 as a 
percentage, showing the  necess i ty  fo r  higher s igna l cu rren t and/or higher 
lo a d  r e s i s t a n c e  ( lo w er  bandw id th ) i f  h ig h e r  acc u ra cy  ( lo w e r  e r r o r )  i s  
r e q u i r e d .  E q u a tio n  (9*3*28) i s  a p p l i e d  i n  f i g u r e  9*3*1 to  show th e  
to le ra te d  s in g le  pulse S/N r a t i o  a f t e r  averaged pulses  i f  a f i n a l  accuracy 
of 1% ( AM/M%) i s  requ ired .
Error reduc tion  i s  shown in  f ig u re  9.3*2 which shows the reduc tion  to  the 
f i n a l  e r ro r ,  AM/M% in  comparison w ith  the  s ing le  pulse  e r ro r ,  AE/M% a f t e r  
m a v erag ed  p u ls e s  (by e q u a t io n  (9*3.25)). I t  i s  r e a s o n a b le  to  ex p ec t no 
more than about 400 averages in  t h i s  DIAL system.
In  th e  DIAL e q u a t io n  (9.1.10) and th e  e r r o r  e q u a t io n s  a r i s i n g  from 
(9*3.20), developed in  the  next s ec t io n ,  s ig n a l  averaging has an equ ivalen t 
e f f e c t  on system p re c is io n  whether the  averaging i s  c a r r ie d  out w ith  s in g le  
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Figure 9 . 3 «1 Signal to  noise r a t i o  and measurement e r ro r ,  AE/M, of p h o to m u ltip lie r  0/P s ig n a l  w ith varying 0/P load 
r e s is ta n c e ,  R^, and d i f f e r e n t  cathode cu rren t va lues , 
ijç. The load re s is ta n c e  defines  measurement bandwidth 
in  a p a r t i c u la r  case and hence l id a r  range re s o lu t io n .  
The number of av erag ed  p u l s e s ,  m, on the r ig h t  hand 
o rd in a te ,  i s  sca led  to  show the minimum to le ra te d  in g le  
pulse S/N r a t i o  i f  a f i n a l  averaged accuracy o f 1  ^








Figure 9«3»2 Error reduc tion  by averaging ra measurements
Table 9-3.1 Parameters in Determining Background Signal
D escrip tion Symbol Value
Narrow-band f i l t e r  peak response
Narrow-band f i l t e r  peak transm ission
Narrow-band f i l t e r  bandwidth
Telescope m irror r e f l e c t i v i t y  
(primary and secondary)
Telescope m irror area
Telescope f u l l  f i e l d  of view










9.4 Distinct Wavelength DIAL SOu Detection Limits
F ig u r e s  9.2,1 have a l r e a d y  been in t r o d u c e d  i n  s e c t i o n  9.2, r e l a t i n g  th e  
r e tu r n  s ig n a l  r a t i o s  to  the  corresponding SOg concen tra tion . The p rec is io n  
w i th  which the  c o n c e n t r a t i o n  i s  e v a lu a te d  depends upon th e  acc u ra cy  o f 
s in g le  pulse measurements, defined by the measurement e r ro r  AE(%). This 
a c c u ra c y ,  a p p ly in g  to  each o f two p u l s e s ,  i s  p ro p ag a ted  th ro u g h  th e  
a lg o r i th m  i n  DIAL s i g n a l  p ro c e s s in g  (e q u a t io n  (9.1 .10)) to  ap p ea r  a s  an 
u n c e r t a i n t y  i n  th e  v a lu e  f o r  SOg c o n c e n t r a t i o n ,  The l i n k  betw een
AE(%) and AN*(%) can be app lied  to  define the  necessary measurement e r ro r  
f o r  a r e q u i r e d  p r e c i s i o n  i n  SOg c o n c e n t r a t io n .  A l t e r n a t i v e l y ,  i n  a 
p re d ic t io n  of the  o p e ra t io n a l  s i tu a t io n ,  the measurement e r ro r  can be input 
to  th e  form o f th e  DIAL e q u a t io n  to  e s t i m a t e  th e  acc u ra cy  o f  th e  r e s u l t .  
The m easurem ent e r r o r  i t s e l f  i s  th e  rms sh o t  n o is e  v a lu e  which i s  
determined by the s ig n a l  le v e l  and the background,
A f u r t h e r  e r r o r  may a r i s e  from th e  v a r i a t i o n  i n  i n t e n s i t y  from p u ls e  to  
p u ls e .  However, t h i s  can be c o u n te re d  by n o r m a l i s a t i o n  of each p u ls e  by 
measuring l a s e r  output energy, in  an o n - l in e  mode.
In  t h i s  s e c t i o n  the  c o n c e n t r a t i o n  e r r o r  i s  r e l a t e d  to  th e  c o n c e n t r a t i o n  
b e in g  m easured f o r  th e  p a r t i c u l a r  ca thode  s ig n a l  c u r r e n t ,  g iv e n  th e  
s p e c i f ic a t io n  fo r  the DIAL model used e a r l i e r  in  the chapter, tabu la ted  in  
ta b le  9.2.1. A model i s  s e t  up to  evalua te  the  concen tra tion  e r ro r  and th e  
d e tec t io n  l im i t s .
9.4,1 TheuConcentration U ncertain ty  Equations in  D is t in o t  Wavelength DTAT. 
The e r r o r  i s  assumed to  o r i g i n a t e  i n  d e te r m in in g  th e  r a t i o ,  nV n”, of th e  
measurements of s ig n a l  re tu rn s .  Equation (9.1,10) i s
N* = (C /Z \r ) ( ln [n '( r+ a r ) /n " ( r+ A r) ]  -  l n [ n * ( r ) / n " ( r ) ] ) ,  (9 .4 .1 )
where C i s  th e  c o n s ta n t .  The e r r o r  a r i s e s  i n  each  In  te rm . The e r r o r  
a r i s i n g  i n  l n [ n * ( r ) / n " ( r ) ]  i s  o b ta in e d  by d i f f e r e n t i a t i o n ,  l e a d i n g  to  th e  
percentage e r ro r
Aln[n»(r)/n« '(r)3%  = /A ( n * ( r ) /n " ( r ) ) % / ln [ n '( r ) /n " ( r ) ] .  (9 .4 .2 )
S im ila r ly ,  the percentage e r ro r  i n  ln[n%r+Ad/n"(r+M ] i s  given by
Aln[n* (r+Ar)/n"(r-hAr)]% = A(n* (r+ar)/n"(r+Ar))%/ln[n* (r+4r)/n"(r+&r)],
(9 .4 .3 )
The m easured c o n c e n t r a t i o n ,  i n  (9.4,1) c a r r i e s  an e r r o r ,  e x p re s se d  by
AN’% = (a(n '/n")% ^ + A (n*(r)/n"(r))% 2)1 /2
f  ( ln [ n V n " j  -  ln [n * ( r ) /n w (r ) ] )  (9 .4 .4 )
where A If i s  the average of the u n c e r ta in t ie s  about the  value K*, given as 
The e r r o r  i n  th e  r a t i o s  n * ( r ) /n " ( r )  and nVn" (from r+zJr), o c cu r in g  
i n  (9 ,4 .2) and (9 ,4 .3 ) ,  i s  g iven  by th e  e r r o r  i n  each  m easurem ent, 
according to  the  expressions
A (n* ( r ) /n " ( r ) )%  = 1 0 0 [ ( /^ n * ( r ) /n * ( r ) )2  + ( A n " ( r ) /n " ( r ) ) 2 ] 1 /2  (9 .4 .5 )
and
A  (n V n ” )% = 1 0 0 [ ( A n V n ')^  *}• (A n ’V n » ) ^ ] ( 9. 4. 6)
r e s p e c t i v e l y ,  w h e r e  t h e  q u a n t i t i e s  A n ' ( r ) / n ' ( r ) ,  A n " ( r ) / n ” ( r ) ,  A n * / n '  
and A n " /n "  a r e  t h e  i n v e r s e  o f  t h e  s i g n a l - t o - n o i s e  r a t i o  i n  m e a s u r e m e n ts  o f  
t h e  r e t u r n  s i g n a l s ,
A s im p l i f ic a t io n  i s  made w ith  respec t to  equation (9,4,4) fo r the purpose 
of th e  model d e f in in g  SOg d e t e c t i o n  l i m i t s .  The e r r o r  i n  th e  i n t e g r a t e d  
path measurement, over the range r ,  i s  ignored, A j u s t i f i c a t i o n  a p p l ie s  in  
t h i s  c a se ,  where th e  i n t e g r a t e d  ran g e  m easu rem en ts ,  p ro v id in g  the  
co r re c t io n  fo r  any SOg present between the  te lescope  and the  range reso lved  
sam ple , a re  o b ta in e d  from a r e t r o - r e f l e c t o r  (eg, th e  chimney i t s e l f ) ,  
g iv ing  high S/M ra t io ,
A f u r t h e r  s i m p l i f i c a t i o n  i s  a p p l i e d  to  th e  model in  t h a t  th e  am b ien t SOg 
le v e l  i t s e l f ,  expressed as  ppm over the in te rv en in g  range, i s  assumed 
to  be z e r o ,  so t h a t  e q u a t i o n  (9 ,1 ,8 )  i s  a p p l i e d  f o r  M^' = 0 and 
concen tra tion  u n i t s  are  converted by (A9.1,5) to give
N» = ( “T^(°K)/1,45X10^^(^-| - -=^ g) ,Pp(rab) A r ) , l n [ ( n V n " ) « ( n g / n ^ ]  ppm,
(9 .4 ,7 )
The l a c k  o f  a c o n s i d e r e d  i n t e g r a t e d  r a n g e  b u rd e n  w i l l  c r e a t e  an 
a r t i f i c i a l l y  low d i f f e r e n c e  be tw een  n* and n", c a u s in g  th e  r e s u l t i n g  % 
e r ro r  to be a t  an upper l im i t .  This, however, i s  p a r t i a l l y  or wholly o f f s e t  
by the  a r t i f i c i a l  lowering o f  the e rro r  occuring by ignoring th e  in te g ra te d  
ran g e  m easurem ent e r r o r .  The i n c l u s i o n  o f a lo n g  p a th  SOg p re sen c e  would
show a weaker s igna l over a c e r t a in  range, which would have to  be sp ec if ie d  
i n  a model. The s i g n a l  s t r e n g t h ,  as  ca thode  c u r r e n t  i ^ ^ ,  i s  a cco u n ted  f o r  
anyway and th e  e f f e c t  of i t s  v a r ia t io n  i s  shown in  th e  r e s u l t s  of the model 
i n  f i g u r e  9.4.1.
The e rro r  i n  N* i s  found by d i f f e r e n t i a t io n  of (9*4.7), g iving
dN* = [ d ( n ' /n " ) / ( n ' /n " ) ] [ - T p /1 .4 5  X 1o19/lr(^^--d^jPpCmbar)] (9*4.8)
from which the e r ro r s  a re  expressed as  percentages to  give
AN'% = -  A(nVn")%.T^yi .45 X Ar(&"^-*:i^)P^(mbar)N'. ( 9 . 4 , 9 )
The u n c e r t a i n t y ,  A N \ i s  ta k e n  to  be th e  average  of th e  + u n c e r t a i n t i e s  
ab o u t  In  f a c t ,  th e  p o s i t i v e  e r r o r ,  +AN*, i n c r e a s e s  i n  r e l a t i o n  to  the  
negative e r ro r ,  -AN*, s ig n i f ic a n t  above 25ppm. However, the average e r ro r  
contains the  mean over the  whole range of .
The e r ro r  i n  the  r a t i o  n’/n*' i s  given by the e r ro r  in  each measurement by the 
simple e r ro r  express ion
A ( n ' / n " ) %  = 1 0 0 [ ( A n ' / n * ) 2  + ( / i n " / n " ) 2 ] 1 / 2 ,  ( 9 * 4 . 1 0 )
where the  q u a n t i t i e s  AnVn' and A n ’Vn” are  the inverse  of the s ig n a l - to -  
n o ise  r a t i o  i n  m easu rem en ts  o f  th e  p h o t o m u l t i p l i e r  anode v o l ta g e  peak. 
Assuming s ig n a l  sh o t  n o is e  l i m i t a t i o n ,  th e  f r a c t i o n a l  e r r o r  w i l l  be 
g re a te r  i n  the  weakest s ig n a l  which i s ,  in  th i s  case, expressed as  a r e tu rn  
photon c u r r e n t  n*. I f  the  dom inant n o is e  i s  background in d u ced , th e n  th e
e r r o r s  w i l l  be th e  same i n  each  s i g n a l  n* and n”. In  g e n e r a l  however, th e  
s i g n a l - t o - n o i s e  r a t i o  g iv e n  i n  (9.3-20) i s  in t r o d u c e d ,  u s in g  e q u a t io n  
( 9 .3 .2 7 ), as the  e r ro r  per pulse measurement but inc lud ing  e r ro r  reduc tion  
by averaging of m s in g le  pu lses  to  give each subsequent measurement e r ro r  
as
AM/M [ 2 . 8 e B ( l k  p^ .  ( 9 . 4 . 1 1 )
The peak ca th o d e  c u r r e n t  i n  e q u a t io n  (9.4.11) i s  r e p la c e d  by a te rra  
describ ing  the  r e tu rn  photon cu rren t (assuming peak measurement) according 
to  the  expression
i^.| = n»r| e (9-4.12)
fo r  wavelength A.j, and a s im i la r  expression
i k 2 = e (9 .4 .13)
f o r  w av e len g th  E q u a tio n s  (9 .4.12) and (9.4.13) a r e  used  i n  e q u a t io n
(9.4,11) to  rep lace  the  re sp ec t iv e  e r ro r  of equation (9.4.10) so th a t  i t  i s
expressed in  terms of s ig n a l - to -n o is e  r a t i o  to  give
A(nVn")%  ^ [ 100(2,8eB)^'^^/f|en*m^'^^].En*rje(1+nVn") 4- i|^jj(1*î-(nVn'*)^)J
(9 .4 .14)
where the  weakest DIAL s ig n a l ,  n®, i s  considered because i t  i s  the  l im i t in g  
s igna l .  Equation (9,4.12) can be app lied  to  re - in tro d u ce  the  corresponding
cathode cu rren t so th a t  (9.4.14) becomes
A(n®/n")% ^ ElOO(2o8eB)^^^/ijç^m^/^3.[ij^^(1+n®/n” ) 4- l4 -(n»/n»)^)]
( 9 . 4 . 1 5 )
fo r  2m pulses, ie .  m pulse p a irs .
E q u a tio n  (9.4.15) i s  a p p l i e d  i n  e q u a t io n  (9 .4 .9). The n®/n‘® vs . N® r e l a t i o n  
i s  p ro v id ed  by e q u a t io n  (9 .4 .7 ) . The e f f e c t  o f  p u ls e  a v e ra g in g  i s  
e q u iv a l e n t  a t  w h a tev e r  s ta g e  o f  th e  s i g n a l  p r o c e s s in g  i t  i s  a p p l i e d ,  
confirming a s ta tem ent made in  su b -sec t io n  9.3.7® The u n ce r ta in ty  equations 
are  app lied  below.
9.4.2 Concentration Uncertainty. Mode_l_.in. Di3tlnct_Wavelength-DIAL
E q u a tio n s  (9 .4 .9 ) ,  (9 .4.15) and (9.4 ,7) a r e  a p p l ie d  to  DIAL e r r o r  a p p r a i s a l  
using the  parameters given in  ta b le  9.2.1. The sample leng th , A r ,  i s  taken 
to  be th e  minimum r e s o l v e a b l e  ran g e  e lem en t o f  l e n g th  c '2r/2. T h is  
d e f in i t io n  of A r  i s  almost a r b i t r a r y  s ince the  u l t im a te  s e n s i t i v i t y  of 
th e  system  i s  ta k e n  i n  u n i t s  o f  ppra.ra f o r  e v a l u a t i o n  o f  a b s o lu t e  
s e n s i t i v i t y  w i th  any range  r e s o l u t i o n  e lem ent.T he p a r t i c u l a r  form o f 
e q u a t io n  (9.4 .7) i s
n®/n" = 0 . 6 9 1 5 . e x p E “ 1.71 X 1G"3m»3 (9 .4 .16)
w h i c h  d e f i n e s  n ' / n "  w i t h i n  e q u a t i o n  ( 9 * 4 . 1 5 )  w h i c h  i n  t u r n  d e f i n e s  
A(n®/n®*)% w i t h i n  e q u a t i o n  ( 9 . 4 , 9 ) ,  e x p r e s s e d  s p e c i f i c a l l y  a s
AN®% = -585.85 A(n®/n")%/N®. (9*4.17)
The bandw id th  i s  d e f in e d  f o r  a w o rs t  case  by s e t t i n g  i t s  maximum by a
minimum load re s is ta n c e ,  of lOO^u The e rro r  AN>?5 i s  p lo t te d  over four 
ranges of concen tra tion , NS a t  d i f f e r e n t  cathode cu rren t va lues , in  f ig u re
9.4.1 f o r  one p u l s e - p a i r  and a range  r e s o l u t i o n  o f  c2V 2 = 4.8m. A ca thode  
c u r r e n t  v a r i a t i o n  r e p r e s e n t s  th e  v a r i a t i o n  i n  s i g n a l  s t r e n g t h  over th e  
s c a t te r in g  range. Signal averaging over m p u lse -p a ir s  reduces the  e f f e c t iv e  
e r r o r ,  AN*, by a f a c t o r  a s  shown i n  f i g u r e  9-3<»2. The program
l i s t i n g  fo r  the  c a lc u la t io n s  to  f ig u re  9.4.1 i s  given in  appendix A9.6. The 
e r r o r  s c a l e  i s  ex tended  to  a f u l l  s c a l e  o f  2000%. T h is  would g iv e  a 
r e s u l t a n t  e r r o r  o f  100% a f t e r  a v e ra g in g  over a su g g es te d  maximum o f  400 
p u ls e - p a i r s .
9*4.2(a) D etec tion  L im its
A d e t e c t i o n  l i m i t  i s  d e f in e d  a s  th e  t a r g e t  c o n c e n t r a t i o n  N^  ^ g iv in g  a 
r e s u l t a n t  e r ro r ,  a f t e r  averaging over m p u ls e -p a ir s ,  o f - A.N*/m^^^% = 100%, 
applying to  a l l  the  curves of f ig u re  9*4*1. The sca le  a t  the  r ig h t  g ives m, 
t h e  num ber o f  p u l s e - p a i r s  a v e r a g e d ,  w h ic h  r e d u c e s  t h e  o r i g i n a l  
c o n c e n t r a t i o n  e r r o r  to  -100%, f o l l o w in g  th e  e f f e c t  o f  m i n  e q u a t io n  
(9*4.15) a p p l i e d  to  (9*4.17). The r e s u l t i n g  d e t e c t i o n  l i m i t s  a r e  marked in  
b r a c k e t s  on each s i g n a l  s t r e n g t h  c u rv e ,  g iv in g  u s e f u l  r e s u l t s  on th e  
p re d ic t io n  of system s e n s i t iv i ty .
As would be e x p e c te d ,  th e  % c o n c e n t r a t i o n  e r r o r  and d e t e c t i o n  l i m i t s  a r e  
reduced as the s ig n a l  le v e l  in c rease s .  However, the  d if fe ren ce  in  the  e r ro r  
between order of magnitude increm ents in  cathode c u rren t ,  decreases towards 
s tronger s ig n a ls .  This i s  due to  the  noise in  the background, a r i s in g  from 
a tm o s p h e r ic  r a d i a t i o n  hav ing  a more n o tic eab le  e f fe c t  on weaker s igna ls .  
T h is  i s  n o t i c e a b l e  w here th e  d e t e c t i o n  l i m i t s  a r e  more c lo s e ly  grouped 
between cathode cu rren ts  of 10” ^®A to  10“ ®A, the  background le v e l  being s e t  
lower a t  6.3 X 10“ ^^A, With t h i s  i n  mind, the reg ion  of i n t e r e s t  of f ig u re
9.4.1 i s  th e  a re a  b en ea th  th e  h o r i z o n t a l  l i n e  c o r re sp o n d in g  to  th e  
c o n s i d e r e d  num ber o f  p u l s e - p a i r  a v e r a g e s ,  b e tw e e n  t h e  p o i n t s  o f  
in t e r s e c t io n  on the  curves fo r  cathode cu rren ts  of lO” ^® and 10” ®A, g iv ing  
the  range of l ik e ly  minimum m easureab le  t a r g e t  c o n c e n t r a t i o n s  w i th  b e s t  
range  r e s o l u t i o n .  For exam ple, i f  25 p u l s e - p a i r s  were averaged  th e n  th e  
range of minimum measureable concen tra tions , depending on s ig n a l  s t re n g th  
and f o r  A r  2 4.8m, i s  from 2.2ppm to  28ppm. At w o r s t ,  w i th o u t  s i g n a l  
a v e ra g in g  (m=1) th e n  th e  ran g e  o f  minimum m easu reab le  c o n c e n t r a t i o n s  i n  
t h i s  case i s  from 11 ppm to  120ppm.
The d e tec t io n  l i m i t s  a r i s in g  from f ig u re  9.4.1 are  p lo t te d  f o r . s ig n a l  le v e l  
i n  f i g u r e  9.4,2, a t  d i f f e r e n t  v a lu e s  o f  ra, th e  number o f  p u ls e  p a i r s  
av erag ed  i n  n o is e  r e d u c t io n .  The e f f e c t  o f  a v e ra g in g  on th e  d e f in e d  
d e te c t io n  l i m i t s ,  seen in  both f ig u re s  9.4,1 and 9.4.2, does not follow  the  
l /m ^ /^  p r o p o r t i o n a l i t y  u n le s s  h ig h e r  s i g n a l  l e v e l s  a r e  c o n s id e re d .  The 
1/m^/^ law does, however, apply to  the  reduc tion  i n  the  percentage e r ro r .
Figure 9.4,2 shows the  d e te c t io n  l i m i t s  fo r  the minimum range re s o lu t io n  of 
Ar 2 o?Y 2 a t  4.8m. I t  i s  more u s e f u l  to  e x p re s s  th e  d e t e c t i o n  l i m i t  a s  th e  
p ro d u c t  Nj^*.Ar i n  u n i t s  o f  ppm.m, f o r  a p p l i c a t i o n  to  any s p a t i a l  sam ple 
leng th , determined by bandwidth (hence sample time) according to  equation
( 8 .7 . 1 ). F ig u re  9.4.3 i s  d e r iv e d  from f i g u r e  9.4.2, r e p l a c i n g  th e  ppm s c a l e  
by one o f  ppm.m.
The d e t e c t i o n  l i m i t  and o v e r a l l  c o n c e n t r a t i o n  accu racy  i s  im proved w i th  
more p u ls e -p a i r s  averaged and w ith  s tronger  s ig n a ls ,  as would be obtained 
a t  s h o r t e r  l i d a r  ra n g e s .  The e v a l u a t i o n  g iv e n  h e re  i s  a w o rs t  case  as  
r e g a r d s  s h o t  n o is e  s in c e  th e  h ig h e s t  bandw id th  has been used i n  e q u a t io n
(9 .4 .15). The d e t e c t i o n  l i m i t s  o b ta in e d  i n  p r a c t i c e ,  assum ing  no o th e r
i n t e r f e r e n c e ,  may be im proved by a f a c t o r  o f  two to  fo u r  t im e s  i f  low er 
bandwidth i s  employed a t  the  expense of range re so lu t io n .  In te g ra t io n  over 
g re a te r  range improves the  d e te c t io n  l i m i t  though range i s  r e s t r i c t e d  by 
th e  1 / r^  r e l a t i o n  and s i g n a l  s t r e n g t h .  The s i g n a l  s t r e n g t h  a f f e c t s ,  
d i r e c t ly ,  the  s igna l - t o - n o i s e  r a t io ,
9*4,3 Pulse Normalization
The previous e r ro r  a n a ly s is  has assumed no e r ro r  source from pulse to  pulse 
energy v a r ia t io n .  In the  s im p l i f ie d  equation (9*4.7), used as an a lgorithm  
i n  c o n v e r t in g  th e  r a t i o  n*/n” to  an  SOg c o n c e n t r a t i o n ,  th e  v a lu e  o f  th e  
XeCl* l a s e r  dual wavelength in te n s i ty  r a t i o  i s  n^/ng, defined  fo r  the  model 
used in  t h i s  th e o r e t i c a l  study. In  a working system using a s in g le  pu lse-  
p a i r  a lgorithm  ( in teg ra te d  path DIAL), however, the  in d iv id u a l  va lues  of n-j 
and ng may vary up to  10% (chapter 4), w ith  a subsequent e r ro r  i n  n^/ng and 
even tua lly  in  the  SOg concen tra tion  N*. I f  the r a t i o  can be determined per 
p u ls e -p a lr  by measuring a sample per pulse from the back end of the  l a s e r  
c av ity  then n^/ng serves  as a norm aliza tion  to  c o r re c t  fo r  p u lse - to -p u lse  
v a r ia t io n .  However, i t  would s t i l l  be possib le  th a t  the e r ro r  in  measuring 
n-| and Ug as w e ll  as n* and n” would a f f e c t  the o v e ra l l  accuracy.
In providing an express ion  fo r  co ncen tra tion  u n c e r ta in ty ,  equation (9*4.7) 
i s  d i f f e r e n t i a t e d  w ith  re sp ec t  to  n*/n". Now the equation i s  d i f f e r e n t i a t e d  
w i th  r e s p e c t  to  (n* .ng/n".n^) to  g iv e
Ar% = - A(n*.ng/n'»,n^)%,Ty,/1,45 X 1 o'* ^ A r (  c/g).Pp(mbar)N*, (9*4*18)
w hich i s  e q u iv a l e n t  to  e q u a t io n  (9 .4 ,9) . The e r r o r  i n  th e  m easurem en ts  i s  
given per p u ls e -p a ir  by
A (n *  .ng /n ’^ .n^ )% = 100[( An*/n* 4- ( A n " /n ” )^ 4- (A n ^ /n ^ )^  -s- ( A ng /ng )^ ]
(9 .4 .19)
a s  d i s t i n c t  from e q u a t io n  (9 .4 ,10). I f  no n o r m a l i s a t i o n  were c a r r i e d  o u t ,
t h e n  t h e  e r r o r s  A n ^ / n - j  and  A u g / n g  w o u l d  r e p r e s e n t  t h e  p u l s e - t o - p u l s e
%v a r i a t i o n ,  g iv e n  i n  t a b l e  4.9*4, f o r  th e  XeCl l a s e r ,  p ro v id in g  a 
s ig n i f ic a n t  source fo r  u n cer ta in ty .  The pulse r e tu rn  measurement e r ro r s  a re  
s t i l l  g i v e n  by t h e  S/N r a t i o  i n  e q u a t i o n  (9 .4 .1 9 )  and  s u b s e q u e n t  
a p p l i c a t i o n  i n  e q u a t io n  (9*4.18).
When a norm alizing procedure i s  undertaken, then two s i tu a t io n s  may a r is e .  
The m easurem en ts  of n^ and Ug a re  made w i th  a s o l i d  s t a t e  d e t e c t o r  on 
r e l a t i v e l y  s t r o n g  o p t i c a l  p u l s e s .  Thus, i n  c o n s id e r in g  ph o to d io d e  sh o t  
noise (p,l60 RCA E lec tro -O p tics  Handbook) i t  would be expected th a t  e r ro r s  
An^/n-j and A ng/ng are  n e g l ig ib le  in  comparison to  the  shot noise e r ro r s  in  
measuring the  r e tu rn  s ig n a ls ,  a llow ing, in  the  s im p les t  case, an assumed 
r e d u c t io n  o f  (9.4.19) and (9*4.18) to  th e  form o f  (9*4.10) and (9*4.9), 
r e s p e c t i v e l y .  In  a second c ase  th e  e r r o r s  A n^/n^  and A ug/ng  would be 
derived from the  measurement e r ro r  a r i s in g  from a source o ther than shot 
n o is e  w hich  may o r  may no t be s i g n i f i c a n t  in  com parison  w i th  A n V n *  and 
A n V n ”. This l a t t e r  po in t would be considered in  the  event of no rm aliza tion  
s ig n a l  noise problems.
In the  range reso lved  DIAL s i tu a t io n ,  the  e f fe c t  of n^/ng i s  removed from 
the.DIAL a lg o r i th m  (9.1*10). For th e  purpose  o f  t h i s  work, th e  a n a l y t i c a l  
p r e d i c t i o n s  o f  s u b - s e c t i o n  9.4.1 and e q u a t io n s  used  i n  th e  model a re  
app lied  to  e r ro r  a p p ra isa l  in  the  r e a l  s i tu a t io n ,  assuming no e f f e c t  from 
p u ls e - to -p u ls e  v a r ia t io n .
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Figure 9*4,2 D etection  l i m i t s  defined by a r e s u l t in g  co ncen tra tion  e r ro r  
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Figure 9 .4 ,3  D etection  l im i t / ra n g e  element product defined by a 
r e s u l t in g  concen tra tion  e r ro r  o f  100#
9.5 PIAL-,..Theory
S e c t io n  9.1 o u t l i n e s  th e  DIAL e q u a t io n  f o r  two r e t u r n  p u l s e s ,  each  o f a 
s in g le  wavelength ra d ia t io n ,  This i s  achieved in  p ra c t ic e  i f  the  l a s e r  i s  
tunable  between two wavelengths, as in  a dye l a s e r  or by using f in e  tuning 
a p p a r a tu s  on a m u l t i  l i n e  s o u rc e .  The XeCl^ ex c im er  l a s e r  so u rc e  i n  th e  
p resen t system e x h ib i ts  a dual wavelength la s in g  spectrum around 308.2 nm 
and 3 0 7 . 9  nm (see  f i g u r e  4.9.4). A d i s t i n c t ,  s i n g l e  w av e le n g th ,  o u tp u t  
r e q u i r e s  s e l e c t i o n  o f  one o r  o th e r  of th e  l i n e s .  The o p t io n s  f o r  a 
s e le c t io n  method have been d iscussed  in  chapter 5. A robust and r e l a t i v e ly  
easy method of c re a t in g  two pu lses  w ith  d i f f e r e n t  wavelength content was 
sough t.  The s o l u t i o n  was ( s e c t i o n  5.5) to  p la c e ,  w i t h i n  th e  l a s e r  o p t i c a l  
cav ity , a c e l l  of gas which has d i f f e r e n t  absorp tion  c ro s s -s e c t io n  between 
the  wavelengths. The c e l l  i s  in s e r te d  fo r  one of the  DIAL pulses, g iv ing  a
d u a l  w av e len g th  o u tp u t  w i th  r e l a t i v e  i n t e n s i t i e s  a l t e r e d .  The c e l l  i s
#removed fo r  the  second DIAL pulse, a llow ing em ission of an unmodified XeCl 
o u tp u t .  An im m ed ia te  c h o ice  f o r  th e  a b so rb in g  gas  was low p r e s s u r e  SO2 
s ince  i t s  spectrum i s  known in  s u f f i c i e n t  d e ta i l  as the  t a r g e t  p o l lu ta n t  
sp ec ie s .
The r e t u r n  photon  c u r r e n t  d i s t r i b u t i o n  i s  e x p re s s e d  f o r  each o f  th e  two 
mixed wavelength DIAL pu lses , the  f i r s t  being fo r  the c e l l -  modified l a s e r  
o u tp u t ,  d e s c r ib e d  i n  s e c t i o n  5.5, th e  second be ing  th e  s i g n a l  o b ta in e d  
a f t e r  tran sm iss io n  of a "raw" XeCl spectrum.
Each wavelength component of the  modified pulse i s  a l t e r e d  according to  the  
s p e c t r a l  a b s o r p t io n  c o e f f i c i e n t s  a and b, g iv e n  by e q u a t io n s  (5.5 .5) and
(5 .5 .6 ) ,  r e s p e c t i v e l y .  L id a r  e q u a t io n  (8.2,10) w i th  (8,2,7) i s  a p p l i e d  w i th  
e q u a t io n s  (5 .5.5) and (5.5.6) f o r  th e  r e s p e c t i v e  w av e len g th  to  g iv e  th e
combined return photon current as
_r , rn*(r)= (an^.exp[-2jc? '^N(r)dr] 4- bn2 .ex p [“ 2jc52N(r)dr])
° r *X ( ^»cA tY tp /8n r^ ) ,exp [-2 j"  ( cxfj^(r) + <Xp(r))dr]. (9 ,5 .1 )
The u n m o d if ied  p u ls e  i s  a s t r a i g h t  t r a n s m i s s i o n  o f  th e  d u a l  w a v e le n g th  
spectrum (a=1, b=1) leading  to  a r e tu rn  photon cu rren t given as
n " ( r )  = (n ^ .ex p [-2 j^ iN (r )d r]  4- n2 .e x p [ - 2jc ^ N (r)d r ] )O 0
X ( ^*cAtYtfj/87rr^).exp[-2j^ ( '^ ^ ( r ’) + o< p(r))d r] .  (9 .5 .2 )
Both e q u a t io n s ,  (9.5.1) and (9 .5 .2 ) ,  a re  c o n s id e re d  under th e  a ssu m p tio n  
th a t  the  wavelength components have id e n t ic a l  func tion  shapes.
As f o r  th e  d i s t i n c t  w av e len g th  c a se ,  d e s c r ib e d  i n  s e c t i o n  9.1, th e  ran g e  
re so lv eab le  r e s u l t  i s  obtained by measuring the  dual wavelength pulse r a t i o  
from range  r  and t h a t  from ran g e  r4- A r, c o n s id e r in g  th e  a v e rag e  SO2 
c o n c e n t r a t i o n ,  over th e  ran g e  r  and th e  t a r g e t  gas  c o n c e n t r a t i o n ,  N, 
w i t h i n  th e  ran g e  e lem en t  /Ar. The a b s o r p t io n  a t t e n u a t i o n  te rm  over th e  
in te g ra te d  range r  i s  approximated fo r  wavelengths A| and Ag by equations
( 9 . 1 . 3 ) and ( 9 . 1 . 5 ), r e s p e c t i v e l y ,  used  i n  (9.5.1) and (9.5.2) to  g iv e
n V n " ( r )  = (an^exp[»2<?tjN^r] 4- bn2 exp[ - 2 ] )
4 (n^exp[-2er'^Nj^r] -r- n 2exp [-2cf^ N ^ r]). ( 9 . 5 . 3 )
S i m i l a r l y  fo r  th e  i n t e g r a t e d  ran g e  r4- Ar th e  e q u a t io n s  (9.1.4) and (9.1.5) 
a r e  used  w i th  (9 .5.1) and (9*5.2) to  g iv e
©
n '/n"(r+ A r) = (an^exp[-2<>'^Npr -  2,/^NAr] + bngexpC-EcSgNpP -  2 cj'2 NAt])
•=• (n^exp[-2cj'^Npr -  2</^NAr] + n2exp[“2«ï2Kpr -  2à2^âr']),
(9 .5 .4 )
Equation (9.5.3) i s  solved fo r  co ncen tra tion  to  give
ln [ ( n 2 /n ^ ) (b  -  n * ( r ) / n " ( r ) ) / ( n * ( r ) / n " ( r )  -  a )]  = -2Npr( -  efg).
(9 .5 .5 )
Likewise, (9.5.4) g iv e s
ln [ ( n 2 /n-| ) (b -n '( r+ A r) /n " ( r+ A r)) / (n * (r+ 6 r) /n " ( r+ A r)-a ) ]  = -2(N^r+NAr)
(9 .5 .6 )
The lo g a r i th m ic  d if fe ren ce  i s  taken to  allow so lu t io n  of the  expression  fo r  
ta r g e t  concen tra tion , over the element A r ,  giving
N = ( —1/2 Ar (-^-j “ c/g) )
X ( ln [(b -nV n")/(nV n**-a)]  -  l n [ ( b - n * ( r ) / n " ( r ) ) / ( n * ( r ) / n " ( r ) - a ) ] )  m”^,
(9 .5 .7 )
where n'(r+6r)/n"(r4'Ar) i s  expressed, simply, as nVn" and the  r a t i o  n^/ng i s  
e lim inated .
The concen tra tion  i s  more su i ta b ly  given as ppm according to  the  conversion 
e q u a t io n  (A9.1.5) so t h a t  (9 .5 .7) becomes
N» = (-T^(°K)/1.45 X 10’’^ A r(  -  cd'g) .Pp(mb) )
X ( ln [ (b -n * /n " ) / (n * /n " -a ) ]  -  l n [ ( b - n * ( r ) / n " ( r ) ) / ( n * ( r ) / n " ( r ) - a ) ] )  ppm,
(9 .5 .8 )
This has i t s  equ ivalen t d i s t i n c t  wavelength express ion  in  (9.1.10) and the 
measurement concen tra tion  i s  su b jec t  to  the same e f f e c t s  of tem perature  and 
p ressu re  v a r ia t io n  as are  d esc r ib ed  i n  s u b - s e c t i o n  9.1.1. E q u a tio n  (9.5.8) 
can be c o r r e c t e d  f o r  p r e s s u r e  v a r i a t i o n  w i th  h e ig h t  by a p p l i c a t i o n  of 
e q u a t io n  (9.1.11 ).
9o6 Theoretical Return,SlanaJ^ Ratios.
E q u a tio n  (9.5,4) and th e  c o n c e n t r a t i o n  u n i t s  c o n v e r s io n  o f  (A9.1.5) a r e  
used  i n  a model s i t u a t i o n  to  r e l a t e  th e  r e t u r n  s i g n a l  r a t i o  from a range  
rn-Ar to  the  corresponding average SOg concen tra tion  contained w i th in  A r ,  
a ssum ing  a z e ro  am bien t SOg l e v e l ,  s e t t i n g  Np = 0 (ppm). The e q u iv a l e n t  
d i s t i n c t  w av e le n g th  model i s  g iv e n  i n  s e c t i o n  9*2 though an am b ien t  SOg 
le v e l  was considered in  th a t  case. The minimum reso lveab le  range element, 
adop ted  f o r  A r ,  i s  g iv e n  by th e  l a s e r  s p a t i a l  p u ls e  w id th  c Z /2 ,  T ab le
9.2.1 g ives the  param eters req u ired  fo r  in s e r t io n  in to  the  model equation. 
The c o e f f i c i e n t s  a and b, g iv e n  by e q u a t io n s  (5.5 .5) and (5.5 ,6) a r e  
e x p re s s e d  a s  a f u n c t i o n  o f  c e l l  p r e s s u r e ,  a l lo w in g  p l o t s  to  be made, i n  
f i g u r e  9.6,1 ; o f  r e t u r n  r a t i o s  a s  a f u n c t io n  o f  c o n c e n t r a t i o n s  f o r  
d i f f e r e n t  c e l l  p r e s s u r e s .  The p l o t  o f  f i g u r e  9.6,1, d i s t i n c t  from t h a t  o f  
f ig u re  9.2.1, i s  over only the  range 0 to  1000 ppm to  show the v a r ia t io n  in  
r a t i o  nVn" f o r  a g r e a t e r  ran g e  o f  c e l l  p r e s s u r e s .  The m ic ro -c o m p u te r  
program l i s t i n g  fo r  the  c a lc u la t io n s  i s  in  appendix A9.4,
An immediately obvious d if fe ren c e  between the mixed and d i s t i n c t  wavelength 
DIAL m ethods, a s  p r e s e n te d ,  i s  t h a t  th e  r e t u r n  s i g n a l  r a t i o s  d e c r e a s e  i n  
d i s t i n c t  wavelength DIAL but in c rease  in  the  mixed wavelength case. This i s  
due to  the  d e f in i t io n  of the  mixed wavelength DIAL output and r e tu rn  photon 
s ig n a l s .
More s i g n i f i c a n t l y ,  i n  com paring  f i g u r e  9.6.1 w i th  f i g u r e  9 .2 .1 (d), th e  
p o te n t ia l  accuracy of the  mixed wavelength method appears to  be worse than 
th a t  of d i s t i n c t  wavelength DIAL as in d ica ted  by the  r e l a t i v e ly  low range 
of mixed wavelength nVn" va lues  obtained over the  concen tra tion  range 0 to  
1000 ppm. E r r o r s  i n  c o n c e n t r a t i o n  d e t e r m in a t io n  a r i s e  from s i n g l e  p u ls e
m easurem ent e r r o r s  w hich d i c t a t e  th e  u n c e r t a i n t y  i n  th e  r a t i o  nVn". 
Assuming c o n s ta n t  s i n g l e  p u ls e  m easurem ent e r r o r s ,  th e n  th e  su b seq u en t 
c o n s ta n t  u n c e r t a i n t y  i n  nVn l e a d s  to  g r e a t e r  c o n c e n t r a t i o n  e r r o r  i f  th e  
range of n*/n" va lues i s  low fo r  a given ppm range. Figure 9.6.1 in d ic a te s ,  
by th e  d i f f e r e n c e  i n  g r a d i e n t s ,  t h a t  a g r e a t e r  a b s o r p t io n  c e l l  p r e s s u r e  
g iv e s  a g r e a t e r  range  of nVn" v a lu e s ,  and t h e r e f o r e ,  f o r  a c e r t a i n  e r r o r  
in  nVn", a b e t te r  accuracy. The e f f e c t  of c e l l  p ressure  on system accuracy 


























a c o n c e n t r a t i o n ,  (ppm)
î^igure 9.6.1 Mixed wavelength DIAL m
SOg concen tra tion , ff* (ppm/'^* Signal r e tu rn  r a t i o ,  nVn" vs.
9.7 Mixed. Wavelength.JDIAL_S.Og Detection Limits
S e c t io n  9,6 r e l a t e s  th e  r e t u r n  s i g n a l  r a t i o s  to  th e  c o r re sp o n d in g  SOg 
c o n c e n t r a t i o n  and i n d i c a t e s  a lo w e r  accu racy  i n  m easu rin g  t a r g e t  SOg 
c o n c e n t r a t i o n  th a n  th e  d i s t i n c t  w av e len g th  DIAL method, assum ing  an 
e q u iv a l e n t  s i n g l e  p u ls e  m easurem ent a cc u ra cy .  A f u r t h e r  c o m p l ic a t i o n  i s  
added by the v a r i a b i l i t y  of abso rp tion  c e l l  p ressure  which must not be so 
high as to  weaken, unduly, the  output pulse but which must be high enough 
to  provide a la rg e  dual wavelength in te n s i ty  d i f f e r e n t i a l ,  g re a te r  r a t i o  
range, fo r  adequate DIAL accuracy. This s ec t io n  p re d ic ts  mixed wavelength 
DIAL accu racy  a s  a f u n c t i o n  o f  th e  v a r i a b l e s  o f  t a r g e t  c o n c e n t r a t i o n ,  
a b s o r p t io n  c e l l  p r e s s u r e  and p h o to m u l t ip l ie r  peak cathode cu rre n t ,  where 
the  l a t t e r  rep re se n ts  the  r e tu rn  s ig n a l  lev e l ,
9 . 7 . 1  _Th_e_ Concentration Uncertainty, in  Mixed WavelengttL DIAL 
The a n a l y s i s  g iv e n  i n  t h i s  s u b - s e c t i o n  f o r  th e  mixed w av e len g th  DIAL i s  
s i m i l a r  t o  t h a t  f o r  th e  d i s t i n c t  w av e len g th  c a se ,  g iv e n  i n  s e c t i o n  9.4, i n  
th a t  the  e r ro r  in  the  t a rg e t  concen tra tion  i s  derived from the  e r ro r  in  the 
r e t u r n  p u ls e  r a t i o  m easurem en t, u s in g  a d i f f e r e n t i a t i o n  o f  th e  DIAL 
e q u a t io n .  E q u a tio n  (9.5.8) i s  th e  e x p r e s s io n  f o r  th e  range  r e s o lv e d  
concen tra tion  measurement. However, as fo r  the  d i s t i n c t  wavelength model, 
th e  s e n s i t i v i t y  i s  e v a lu a te d  by t h i s  p a r t i c u l a r  method v i a  th e  same 
s i m p l i f i c a t i o n  d e s c r ib e d  i n  s e c t i o n  9.4. E q u a tio n  (9.5.6) i s  a p p l i e d  f o r  
zero ambient SOg le v e l ,  = 0, and the concen tra tion  u n i t s  are  converted 
to  ppm by e q u a t io n  (A9.1.5) t o  g iv e
N» = (-Tp(*K)/1.45 X 10l9(cfi-dg).Pp(mb) A r ) . l n [ ( n g / n i ) ( b - n ' / n " ) / ( n V n " .a ) ]  
ppm. ( 9 . 7 . 1 )
Equation (9.7.1) i s  d i f f e r e n t i a t e d  w ith  respec t to  the  r e tu rn  s ig n a l  r a t i o  
nVn" to  g iv e
dN* = d (n '/n " )[T p /1 .4 5  X 1o'^^Ar(d'^ -  d 2 )P r (m b a r ) ] (b -a ) / (n '/n " -a ) (b -n * /n " ) ,
(9 .7 .2 )
which i s  expressed as the  percentage e r ro r s  AN* and A(n*/n") in
= A (n '/n")?[T j,/1 . 't5  X 1o19/ïr(d^-d% )Pp(m bar)](n '/n")(b-a)
? (nVn"-a)(b-nVn")N', (9 .7 .3)
where AN*# i s  the  average o f  the  u n c e r ta in t ie s  about N*. The measurement 
e r ro rs  have a lready  been defined in  s ec t io n  9.3 and applied  in  s e c t io n  9.4 
i n  e q u a t io n  (9 .4 .15). The s i g n a l  r a t i o  n*/n" i n  e q u a t io n s  (9.4.15) and
( 9 .7 . 3 ) i s  g iv e n  by e q u a t io n  (9.5 .4) ( in c lu d in g  e q u a t io n  (A9.1.5)). The 
absorp tion  c e l l  c o e f f ic ie n ts  a and b a re  given as a func tion  of p ressure  in  
e q u a t io n s  (5 .5.5) and (5 .5 .6 ) ,  r e s p e c t i v e l y .
The equations a re  app lied  below, in  a model fo r  e s t im a tin g  the p re c is io n  of 
t h i s  mixed w a v e len g th  SOg DIAL under d i f f e r e n t  c o n d i t io n s  o f  s i g n a l  
s tren g th ,  c e l l  p ressure  and s ig n a l  averaging,
9 .7 . 2  Concentration. U ncertain tv  Model in  Mixed WavelengthJD-IAL
The parameters app lied  in  the  model s i tu a t io n  are  given in  ta b le  9.2.1. The
ran g e  e lem en t A r i s  g iv e n  by th e  s p a t i a l  p u ls e  w id th ,  cT/2 . E q u a tio n
( 9 . 7 . 3 ) becomes
AN*# = (585.85 A (n * /n " )# /N * ) (n * /n " ) (b -a ) / (n * /n " -a ) (b -n * /n " ) ,  (9 .7 .4 )
where the  measurement e r ro r  i s  g iven by (9.4,15) as 
A ( n V n " ) ?  [ 1 0 0 ( 2 . 8 e B ) 1 / 2 / l k i m 1 / 2 ] [ i k i ( 1 + n ' / n " )  +
(9.7.5)
f o r  a maximum bandw id th  o f  B = 4,75 MHz, g iv e n  by e q u a t io n  (9 ,3 ,7 ) , w i th  
lo a d  p a ra m e te r s  o f  = lOOjLand Cj^  = 335 pF, The background, r e p r e s e n te d  
a s  ijçij, i s  s e t  a t  th e  maximum g iv e n  by e q u a t io n  (9*3,2) as  6,3 X 10*"^^A, 
The s ig n a l  r a t i o  in  (9*7*4) i s  g iven by a ta rg e t  concen tra tion  i n  equations 
(9*5*4) and (A9*1*5) w hich  a re  combined to  g iv e
n*/n" = (0,6915a.exp[-0,00522N*3 4- b,exp[-0,00351N*])
4- (0.6915,expC-0.00522N»] 4- exp[-0.00351N»]) ,  (9*7*6)
The c e l l  c o e f f i c i e n t s  a and b i n  t h e s e  e q u a t io n s  a re  g iv e n  by e q u a t io n s
(5*5*5) and (5*5*6) and m o d e lled  i n  te rm s  o f  c e l l  p r e s s u r e  as
a = 0,8 expC-0.02215 P ( t o r r ) ] ,  (9*7*7)
b - 0 ,8  e x p [ -0 ,01490 P ( t o r r ) ] ,  (9*7*8)
Equations (9*7*4) to  (9*7*8) a re  app lied  by using a model program, o u tlined  
i n  app en d ix  A9*7« The r e l a t i o n  be tw een  v a r i a b l e s  AN'#, N', i|^^ and P a re  
i l l u s t r a t e d  in  f ig u re s  9.7,1 and 9*7*2, Figure 9,7,1 shows the  v a r ia t io n  in  
concen tra tion  e r ro r  w ith  c e l l  p ressu re  a t  c e r ta in  t a r g e t  concen tra tions  and 
s i g n a l  l e v e l s ,  g iv e n  by th e  ca th o d e  peak c u r r e n t .  An a d d i t i o n  to  th e
p r e s s u r e  s c a l e  i s  th e  c o r re sp o n d in g  t o t a l  p u ls e  energy  r e d u c t io n  as  a 
p e rc e n ta g e  o f  th e  o u tp u t  p u ls e  i n t e n s i t y ,  c a l c u l a t e d  w i th  r e s p e c t  to  an 
unmodified pulse as  the  r a t i o  g iven by
(an^ 4- bngj/fn^ 4- ng). (9 .7 .9 )
9 .7 .2 (a )  Ab3orp_tloiL_Cell Pressure
F ig u re  9.7.1 p ro v id e s  th e  upper and lo w e r  l i m i t s  on th e  l i k e l y  range  o f  
chosen  a b s o r p t io n  c e l l  p r e s s u r e .  The d u a l  w av e len g th  p u ls e  energy  
d i f f e r e n t i a l  i s  i n c r e a s e d  a s  c e l l  p r e s s u r e  i s  in c r e a s e d ,  g iv in g  g r e a t e r  
a c c u ra c y  ( lo w e r  AN'#) i n  m easu r in g  SOg c o n c e n t r a t io n .  A lo w e r  l i m i t  on 
p ressure  i s  s e t  by the accuracy requirement. An abso lu te  p ressure  minimum, 
allow ing strong  s ig n a l  measurements down to  100 ppm, w ith  averaging over 
l e s s  than 25 p u ls e -p a ir s ,  would be 20 to r r .  More r e a l i s t i c a l l y ,  however, a 
minimum should be s e t  a t  40 t o r r  to  allow weaker s ig n a ls  to  be u t i l i s e d  a t  
low p u ls e -p a ir  averaging and to  perm it an a ly s is  of s trong  s ig n a ls ,  down to  
a burden of 10 ppm, w ith  about 200 averaged p u lse -p a ir s .  The upper l i m i t  i s  
s e t  by th e  c e l l ' s  a b s o r p t io n  a t t e n u a t i o n  of th e  l a s e r  p u ls e  en erg y , 
reducing maximum l i d a r  range and/or the  s treng th  of the  received  s ig n a ls .  
F ig u re  9-7*1 i n d i c a t e s  a r e d u c t io n  i n  p u ls e  o u tp u t  to  about 15# o f  an 
u n a l t e r e d  p u ls e  i f  100 t o r r  i s  used  i n  th e  c e l l .  T h is  would r e p r e s e n t  a 
r e d u c t io n  i n  ra n g e ,  a t  t h e  s i g n a l  d e t e c t i o n  l i m i t  (pow er), by a f a c t o r  of 
about 2.5 tim es, according to  the  1 /r^  law appearing in  the  l i d a r  equation. 
For s ig n a ls  from a constan t range, a reduc tion  of 15# would be t r a n s la t e d  
d i r e c t ly  to  an equ ivalen t red u c tio n  in  r e tu rn  s ig n a l  le v e l ,  suggesting the 
100 t o r r  l i m i t .  Thus th e  c e l l  p r e s s u r e  i s  c o n s t r a in e d ,  i n  p r a c t i c e ,  
according to  the  l i m i t s
40 t o r r  < P < 100 t o r r .  (9,7*10)
9.7.2(b) -Limits
The c e l l  p r e s s u r e  l i m i t s  o f  (9.7*10), i n  d e f in in g  th e  p e r m i t t e d  p r e s s u r e  
range, allow the  concen tra tion  u n cer ta in ty  to  be p lo t te d  fo r  concen tra tion  
i n  f i g u r e  9.7*2, a t  c e l l  p r e s s u r e s  o f  100 t o r r  and 40 t o r r ,  r e s p e c t i v e l y ,  
and a t  d i f f e r e n t  cathode c u rre n ts ,  by fo llow ing a s im i la r  procedure to  th a t  
of f ig u re  9.4.1 fo r  the  d i s t i n c t  wavelength case. The averaging o f m pulse 
p a i r s  i s  applied  to  show the  d e te c t io n  l i m i t s  (bracketed) in  reducing the  
r e s u l t in g  concen tra tion  e r ro r  to  AN* = 100#, according to  the d e f in i t io n  
of d e tec t io n  l i m i t  given in  su b -sec t io n  9.4.2(a).
In  f i g u r e  9*7*2, j u s t  a s  f o r  th e  d i s t i n c t  w av e len g th  c a s e ,  th e  background 
noise (from background le v e l  of i^^y = 6*3 X 10“  ^^A) i s  s ig n i f ic a n t  in  th a t  
th e  d i f f e r e n c e  i n  th e  d e t e c t i o n  l i m i t s ,  be tw een o r d e r s  o f  m agnitude  
inc rease  in  cathode c u rren t ,  decreases towards higher s ig n a l  le v e l ,  leav ing  
the g re a te s t  d if fe ren ce  between 10"^®A and lOT^^A. The reg ion  of i n t e r e s t  
t h e r e f o r e ,  i f  d e f in e d  by l i k e l y  s i g n a l  l e v e l s ,  i s  bound by th e  10“ ^®A and 
10“ ®A (or g r e a t e r ,  i f  p o s s ib l e )  c u rv e s ,  though th e s e  a r e  sm eared  by th e  
p o s s i b l e  range  o f a b s o r p t io n  c e l l  p r e s s u r e .  Minimum m easu re a b le  t a r g e t  
concen tra tion , in  the  modelled case, i f  optim ised by a c e l l  p ressure  of 100 
t o r r ,  i s ,  f o r  exam ple, from 11.5 ppm to  160 ppm when 25 p u ls e  p a i r s  a r e  
averaged. With no averaging, the  range of values i s  undefined a t  the  higher 
l i m i t  un less  s ig n a l  s tre n g th s  give cathode cu rren ts  b e t t e r  than about 5 X 
10‘”^A when the  l i m i t  i s  s t i l l  as high as severa l hundred ppm. In t h i s  case 
the  best value fo r  d e te c t io n  l i m i t  w ith  the  s tro n g es t  s ig n a ls  (around 10“  ^
A) i s  l ik e ly  to  be around 60 ppm, w h ils t  preserv ing  best range r e s o lu t io n  
o f  4.8m.
The d e te c t io n  l i m i t s  a r i s in g  from f ig u re  9*7.2 are  p lo t te d  in  f ig u re  9.7*3
to  show th e i r  v a r ia t io n  w ith  s ig n a l  le v e l  a t  d i f f e r e n t  va lues of m averaged 
p u l s e - p a i r s  and f o r  th e  upper and lo w e r  l i m i t s  o f  c e l l  p r e s s u r e  (by 
(9 .7*10)).
Figure 9.7.3 shows the  d e te c t io n  l i m i t s  i f  a minimum range element of 4.8m 
i s  applied. Figure 9.7,4 i s  a more u sefu l expression  of system s e n s i t i v i t y ,  
g iv ing  i t  i n  u n i t s  of ppm.m, allow ing any range re s o lu t io n  element or long 
range, t o t a l  path in te g ra t io n  to  be considered. This i s  more o p t im is t ic  in  
th a t  i t  shows how lower le v e l s  o f  SOg can be measured as an average over a 
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Figure 9,7,4 D etection  l im i t / r a n g e  element product defined by a 
r e s u l t in g  concen tra tion  e r ro r  of 100%, In  the  mixed 
wavelength case.
9c8 T h eo re tica l  ComPar.lso,BL_o_f_J)i3tlnct and Mixed_Wav,e,lengfch_DIAL
A comparison of the  d i s t i n c t  and mixed wavelength DIAL methods i s  based on 
the  e r ro r s  in  measuring SOg concen tra tion  over a sample leng th  of 4.8m and 
on the d e te c t io n  l i m i t s  as obtained in  the  modelled s i tu a t io n s  in  s ec t io n s  
9,4 and 9«7» r e s p e c t i v e l y .
The d e t e c t i o n  l i m i t s  f o r  each  c ase  a r e  ta k en  from f i g u r e s  9.4,1 and 9«7*2 
and are  p lo t te d  fo r  the  number of pulse p a ir s  averaged in  f ig u re s  9,8,1 in  
com parison  o f  th e  s e n s i t i v i t i e s .  F ig u re  9.8,1(a) i s  f o r  a w eakes t  s i g n a l  
ca th o d e  c u r r e n t  o f  10“ ®A and f i g u r e  9 ,8 ,1(b) i s  f o r  a w eak es t  s i g n a l  
ca th o d e  c u r r e n t  o f  10"*^Ao The b e s t  mixed w av e len g th  accu racy  i s  s e t  by a 
c e l l  p ressure  of 100 t o r r ,  g iv ing  the  lowest l ik e ly  d e tec t io n  l i m i t  r a t i o ,  
be tw een th e  two m ethods, o f  a f a c t o r  o f  abou t 5.5, The w o rs t  mixed 
wavelength accuracy, a t  a c e l l  p ressu re  of 40 t o r r ,  g ives  a f a c to r  of about 
14 in  the  d if fe ren ce  between the  two methods.
This lo s s  of accuracy in  using the  c e l l  d i f f e r e n t i a l  abso rp tion  technique 
i s  o f f s e t  by th e  s im p le  and ro b u s t  n a tu re  of th e  method. In  a d o p t in g  th e  
c e l l ,  th e  system  e x p e r im e n ts  c o n t in u e d  w i th o u t  d e lay  and w i th  m in im al 
expense, A d i s t i n c t  wavelength tuning  technique (b iré f r in g e n t  f i l t e r ;  see 
chapter 5) i s  p re fe rab le  i f  range reso lved  measurements of SOg le v e l s  below 
1 ppm are  required . However, the  a p p l ic a t io n  of a s u i ta b le  device requ ired  
more tim e than was a v a i lab le  w ith in  the  l i m i t s  of the  p ro jec t .
With both methods, but e sp e c ia l ly  so w ith  the  mixed wavelength case, the 
s e n s i t i v i t y  i s  increased  a t  the  expense of range re so lu t io n ,  by in c reas in g  
the  s ig n a l  sample tim e, le ,  reducing the  bandwidth. An in d ica ted  d i s t i n c t  
w a v e len g th  s e n s i t i v i t y  o f  4,8 ppm.m ( f i g u r e  9,8,1 (a ) ,  m%100) would mean
t h a t  th e  XeCl system  sh o u ld  be a b le  to  m easure  u rban  am bien t SO2 l e v e l s  
(say 0.02 ppm) but only by in te g ra t in g  r e tu rn  s ig n a ls  over the  e n t i r e  range 
o f  a t  l e a s t  200m. E q u iv a le n t ly ,  ( f i g u r e  9,8,1 (a ))  a mixed w av e len g th  
s e n s i t i v i t y  o f  25 ppm.m a t  s t r o n g  s i g n a l  l e v e l s  i n d i c a t e s  a need f o r  
i n t e g r a t i o n  over 1 km f o r  s i m i l a r  s e n s i t i v i t y  to  am bien t SOg, For such 
a m b ien t  m easurm en ts  i t  would p ro b ab ly  be n e c e s sa ry  to  employ a r e t r o -  
r e f l e c t o r  a t  th e  a p p r o p r i a t e  ran g e  to  provide s u f f i c i e n t  b acksca tte r  fo r  
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(b) s ig n a l  peak cathode cu rren t of 10“^A
Figure 9*8.1 D istinc t/M ixed  wavelength DIAL d e tec t io n  l i m i t s  fo r  number of 
averaged pulse  p a i r s
9.9 Applloation.of DIAL Algorithms
In distinct and mixed wavelength DIAL, respectively, equations (9.1,10) and
(9.5.8) would p ro v id e  th e  a lg o r i th m  f o r  a range  r e s o lv e d  SO2  m easurem ent 
w ith in  an atmosphere contain ing  SOg throughout the range.
For measurement of high SOg le v e ls  (compared w ith  ambient le v e l )  contained 
w i t h i n  a smoke plume a t  low range  (=£fc 200m), e q u a t io n s  (9.1.8) and (9.5.6) 
would be s i m p l i f i e d  by s e t t i n g  th e  am bien t l e v e l  to  z e ro  (Np=0) as  
n e g l ig ib le  compared w ith  N. A r ,  This provides the  b as is  fo r  SOg s e n s i t i v i t y  
m odels i n  s e c t i o n s  9.4 and 9,7.
I f  am bien t l e v e l s  a r e  to  be m easured , th e n  long  p a th  i n t e g r a t e d  r e t u r n s  
would be considered and the  a lgorithm  fo r  a n a ly s is  would be derived from 
e q u a t io n s  (9.1.7) and (9 .5 .5).
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Chapter 10 Exeimer Laser DIAL Experiments
%I n  o rd e r  to  prove th e  p o t e n t i a l  o f  the  XeCl l a s e r  i n  DIAL, the  com ple ted  
system has been used in  experiments to  measure atm ospheric  sulphur dioxide. 
The procedure and r e s u l t s ,  p ecu lia r  to  th i s  system, are  described in  t h i s  
chap ter .
10.1 Procedure fo r  SOg Concentration Measurements
The procedure fo r  measuring ta rg e t  SOg concen tra tion , summarised i n  f ig u re
10.1.1, i s  fo l lo w e d  a f t e r  th e  s w i tc h - o n  p ro c e d u re ,  g iv e n  in  s e c t i o n  7.3, 
f ig u re  7.3.2, This sec t io n  i s  a l i s t  of th e  o p e r a t i o n a l  p ro ced u re ,
10.1.1 Signal Handling System Test Sequence
A f te r  the  DIAL system  has been sw i tc h e d  on ( f i g u r e  7 .3 .2), th e  s i g n a l  
h a n d l in g  system  t e s t  sequence  i s  c a r r i e d  o u t  to  check f o r  th e  c o r r e c t  
o p e r a t i o n  of th e  VIA I/O  p o r t s ,  th e  com puter keyboard , the  p r i n t e r ,  th e  
c i r c u i t  r e s e t  and o n / o f f  l i n e  f u n c t i o n s ,  the  c e l l  p o s i t i o n  s e n so r  and to  
t e s t  memory a c c e s s i b i l i t y .  The a p p r o p r i a t e  commands a r e  l i s t e d  i n  t a b l e
6.3.1, in  the  column headed "access (enter)". The c o rrec t  responses during 
th e  t e s t  sequence  a re  shown by th e  VDÜ d i s p la y  a n d /o r  a p p r o p r i a t e  LED 
i l l u m i n a t i o n  on th e  s i g n a l  h a n d l in g  u n i t  p an e l .  These re s p o n se s  a re  
summarised in  ta b le  6.3.2(a), Access to  the s igna l handling sequences i s  by 
th e  i n i t i a l  command "LINK SAGOO" which p roduces  th e  menu f o r  th e  t e s t  
procedures (numbered "1" to "5") and fo r  the data  a c q u is i t io n  and a n a ly s is  
sequence  (numbered "6"),
10.1.2 Target Ranging
Determination o f the  range of the  ta rg e t  sample i s  by measurement o f  the 
tirae - o f - f l ig h t  of the  l a s e r  pulse  to  the  ta rg e t  and back to  the  re c e iv e r ,  
d isplayed on the  tim e-base of an osc il lo scope  (the Tektronix 7834 storage 
o s c i l l o s c o p e  i n  t h i s  c a se ) .  Range, r ,  i s  g iven  by th e  t i m e - o f - f l i g h t ,  t ,  
and the  speed of l i g h t ,  c, in  the  expression
r  s c t / 2 .  (10 .1 .1 )
The v a lu e  i s  r e q u i r e d  f o r  i n s e r t i o n  i n t o  th e  DIAL a lg o r i th m ,  e v a lu a te d  
w ith in  the a n a ly t ic a l  ro u t in e .
The t a r g e t  ra n g in g  c a l i b r a t i o n  method i s  g iv e n  i n  append ix  A10,2. For 
ra n g in g  p u rp o se s ,  th e  r e t u r n  p u ls e  i s  sharpened  by a h ig h e r  bandw id th  
s igna l l in e  ( ^  500^ impedance) to  the  osc il lo scope  (a l in e  impedance of 10k 
i s  used fo r  s ig n a l  measurements),
10.1.3 Equilibrium w ith in  the Sulphur Dioxide C ell
An experiment which i s  described in  appendix A10.1 shows how an equ ilib rium  
must be a c h ie v e d  w i t h i n  th e  s u lp h u r  d io x id e  a b s o r p t io n  c e l l  b e fo re  d a ta  
a c q u is i t io n .
A f te r  th e  t r i g g e r  u n i t  h a s  been s w i tc h e d  on, th e  l a s e r  i s  o p e ra te d  u n t i l  
the  o s c i l l o s c o p e  t r a c e s  of r e t u r n  p u l s e s  and th o se  showing l a s e r  o u tp u t  
show no undue v a r ia t io n  between adjacent pulses. This should e s ta b l i s h  the 
e q u i l i b r iu m  i n  the  c e l l  b u t  i t  i s  n e c e s sa ry  to  p roceed  im m e d ia te ly  w i th  
i n i t i a t i o n  of the data  c o l le c t io n  system and data a cq u is i t io n .
The pressure  to tem perature  r a t i o  (P/T), which desc ribes  the  d i f f e r e n t i a l  
a b s o r p t io n  p r o p e r ty  of th e  SO2  c e l l ,  i s  d e f in e d  by th e  l a s e r  energy  
m easurem ent r a t i o ,  g iv e n  a s  th e  program v a r i a b l e  %?, a f t e r  each d a ta  
a c q u is i t io n .  The connection between and P/T, made in  appendix A10.1, i s  
shown in  f ig u re  10,1,2, which i s  app lied  manually during data  an a ly s is ,
10.1.4 I n i t i a t i o n  of the  Data C o llec tion  Svstem
Once SOg c e l l  e q u i l ib r iu m  has  been re a ch e d ,  th e  system  i s  s e t  f o r  d a ta  
a c q u i s i t i o n  and s to r a g e  by s e l e c t i n g  "6" o f f  the  com puter  f u n c t io n  menu 
(see  t a b l e  6 .3 .1). The r e q u i r e d  number, m, of DIAL p u ls e  p a i r s  i s  e n te r e d  
and th e  " r e tu r n "  key i s  d e p re s s e d .  The g ra p h ic  d i s p l a y  a p p e a rs  on th e  VDU 
w ith  a double apostrophe ch arac te r  a t  the  top of the  screen. The system i s  
now ready fo r  data  a c q u is i t io n ,  upon opera tion  of the  l a s e r  t r ig g e r  u n it ,
10.1.5 Data A cquisit ion  and Analvsis
Once the  data c o l le c t io n  system has been i n i t i a t e d ,  the la s e r  t r ig g e r  u n i t  
i s  sw i tc h e d -o n  to  o p e r a te  th e  l a s e r  and to  t r i g g e r  the  s i g n a l  peak 
measurement c i r c u i t s ,  A-D conversion and data storage.
The com puter f u n c t i o n s ,  d u r in g  d a ta  a c q u i s i t i o n  and a n a l y s i s ,  a r e  
sum m arised  i n  th e  lo w e r  p a r t  o f  t a b l e  6,3.1. At th e  end o f  th e  p ro ced u re  
f o r  i n i t i a t i o n  of the  d a ta  c o l l e c t i o n  sys tem , th e  VDU d i s p l a y s  a p a t t e r n  
w ith  a double apostrophe charac te r  a t  the  top o f the  screen. On sw itch ing- 
on the l a s e r  t r ig g e r ,  t h i s  ch arac te r  changes to  an exclam ation mark fo r  the  
next pulse and back to  the  apostrophe fo r  the next, e tc e te ra ,  according to 
th e  r e s p o n se s  which a r e  l i s t e d  i n  t a b l e  6 .3 .2 (b), u n t i l  d a ta  from m p u lse  
p a i r s  (2m pulses) has been c o l le c ted .  At th i s  s tage , the p a t te rn  disappears 
and d a ta  from each of th e  DIAL p a i r s  i s  averaged  and th e  r e s u l t  i s  
d isp layed, giving the  r e tu rn  s ig n a l  average r a t i o  S5R and the  l a s e r  energy
r a t i o ,  /5P, Note th a t  any dev ia t io n  from a l te rn a te  d isp lay  of the apostrophe 
and e x c la m a t io n  mark c h a r a c t e r s  i s  an i n d i c a t i o n  o f  a m a l fu n c t io n  i n  
sw itching  the  SO2  c e l l  in  and out of the la s e r  cavity .
The d i s p la y  now shows a r e q u e s t  f o r  th e  a n a l y t i c a l  mode to  be e n t e r e d ,  
g iv in g  a ch o ice  of a n a ly s in g  th e  m easured v a lu e s  f o r  a su lp h u r  d io x id e  
concen tra tion  as  an average over the e n t i r e  I ld a r  range (range-in teg ra ted )  
o r  a s  th e  c o n c e n t r a t i o n  i n  an e lem en t of range a t  th e  t a r g e t  ( r a n g e -  
resolved), Figure 6,3,2 g ives examples of two ty p ic a l  p r in t -o u ts ,  expected 
from the ra n g e - in teg ra ted  and th e  range-reso lved  ro u tin e  re sp ec tiv e ly ,
A ran g e - in teg ra ted  measurement of ambient SO2  le v e l  should be made before 
r e - d i r e c t i n g  th e  in s t r u m e n t  a t  a s u sp e c te d  volume of l o c a l i s e d  SOg, The 
am b ien t  m easurem ent ( th e  d a ta  from i t )  i s  used to  c o r r e c t  th e  d a ta  ta k e n  
from th e  t a r g e t  e le m e n t .  In  b o th  a n a l y t i c a l  r o u t i n e s ,  the  range  o f  th e  
t a r g e t  i s  e n te r e d  (se e  10,1,2) and the  P/T r a t i o  f o r  th e  l a s e r  i s  ta k en  
from f ig u re  10,1.2, using the  %P value. Values fo r  ambient tem perature  and 
p ressure  a re  in s e r te d ,  un less  param eters p e rta in in g  to  the  range-reso lved  
t a rg e t  can be e s tim ated  (for example; a smoke plume near to  the  chimney and 
hence, a t  a higher tem perature  than ambient).
FIGURE 7.3 .2
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10.2 Measurement o f  Atmospheric Sulphur Dioxide Concentration
The system  i s  a p p l i e d  to  g iv e  SOg c o n c e n t r a t io n  d a ta  (ppm) to  show i t s  
v i a b i l i t y  as  a d e t e c t o r  o f  SOg and to  a l lo w  e x p e r im e n ta l  e v a lu a t io n  o f  
measurement u n c e r ta in t ie s ,  fo r  comparison w ith  th e o re t ic a l  accuracy, given 
i n  c h a p te r  9*
10.2.1 Physical S i tu a t io n
Figure 10.2.1 shows the experim ental layout. The l a s e r  pulse i s  d ire c ted  a t  
a w a l l  s i t u a t e d  40m from th e  l i d a r  system . The o u t l e t  o f a c y l in d e r  of 
sulphur dioxide i s  f i t t e d  w ith  a pe rfo ra ted  tube to  d isp erse  the gas in  a 
s h e e t  i n  the  p a th  of th e  l a s e r  p u ls e .  Gas flow r a t e  i s  m easured  to  a l lo w  
e s t i m a t i o n  o f  d i s p e r s a l  under th e  am bien t c o n d i t io n s  a t  th e  t im e  o f th e  
m easurem en ts . Data i s  a c q u i r e d  and averaged  to  g iv e  a r a n g e - i n t e g r a t e d  
measurement of SOg concen tra tion , as an average over the  e n t i r e  l i d a r  range 
between the l a s e r  and the w all.  The a c q u is i t io n  and a n a ly s is  ro u t in e s  are  
repeated  to  ge t measurements when no SOg i s  em itted , to g ive  a c a l ib ra t io n  
f o r  zero ambient concen tra tion ,
10.2.2 Sulphur Dioxide Concentration Results
Each concen tra tion  r e s u l t ,  i s  p lo t te d  in  f ig u re s  10,2,2, in  four sequences, 
showing the  occurrence of any ex te rn a l  fa c to rs  such as changes i n  lo c a l  a i r  
movement and s u lp h u r  d io x id e  c o n t r o l .  A ll the  base  l i n e  m easurem en ts  of 
f i g u r e s  10,2,2 have been s e t  a t  z e ro  ppm, even though a c tu a l  *zero* 
measurements were biased, due to  a d is p a r i ty  between the  l a s e r  energy r a t i o  
(56?) and the  zero ppm re tu rn  r a t i o  (%R), per DIAL pulse p a i r .
The fe a tu re s  of f ig u re  10,2.2 are  explained in  ta b le  10 ,2 ,1 ,
10.2.3 Comparison o f  Experimental Levels with Expected Results
The l e v e l s  of s u lp h u r  d io x id e  and t h e i r  p e r s i s t e n c e  i s  dependent on th e  
physica l dimensions o f  the  SOg ’sheet*, the  flow ra te  and the  e f fe c t iv en e ss  
of d is p e r sa l  by ambient a i r  movements.
The p roportion  of SOg expected in  the  l a s e r  pulse path i s  es tim ated , very 
roughly, from f ig u re  10.2.3, by proportions  of volume, g iv ing  an expected 
maximum o f  :û= 130 ppm by volume, assum ing  no d i l u t i o n  by d i s p e r s a l .  This 
compares w ith  measured peak le v e l s  (shown in  f ig u re  10,2,2) of 122 and 115 
ppm, obtained in  s t i l l  co nd itions .
The f low  r a t e  o f  4.5 cm^min"^ i s  i n t e r p r e t e d  to  g iv e  th e  c r o s s - s e c t i o n a l  
a rea  (2 X 10”  ^ m^) of the  em itted  gas an e f fe c t iv e  speed of 0,008 mph. This 
i s  overcome by even a ve ry  l i g h t  b re e z e ,  a cc o u n t in g  f o r  a p p a r e n t ly  easy 
d isp e r sa l  of the gas under such cond itions , shown in  f ig u re  10,2.2,
10.2.4 V aria tion  o f  Measurement Values
The p r e d i c t e d  a c c u ra cy  o f m easu rem en ts  o f  SOg c o n c e n t r a t i o n s  and th e  
d e tec t io n  l i m i t s  applying to  the  p resen t system are  given in  chapter 9 and 
i l l u s t r a t e d  in  f ig u re s  9 ,7 .2  and 9 ,8 .1 ,
The experim ental measurements o f  f i n i t e  SOg le v e ls ,  shown in  f ig u re  10.2,2, 
show f l u c t u a t i o n s  ab o u t  a mean. The r e s p e c t i v e  av e rag e  l e v e l  i s  shown i n  
p a r t s  (a) and (d) o f  f i g u r e  10,2,2. The t h e o r e t i c a l  l i m i t s  o f  a c c u ra cy ,  
c a l c u l a t e d  i n  ap pend ix  A10,4.1, a r e  shown to  g iv e  a good match to  th e  
spread o f  measurements about the  mean.
The th e o r e t ic a l  d e tec t io n  l i m i t s  fo r  the  system, given in  f ig u re  9*8,1, are  
included on f ig u re  10.2.2® The param eters involved in  t h i s  evalua tion  a re  
l i s t e d  i n  appendix A10,4,2® The d e tec t io n  l i m i t s  a re  c lose  to  the  l i m i t s  of 
experimental f lu c tu a t io n  above 0 ppm, as  expected.
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Table 10,2,1 D escrip tion  of Features on Figure 10 ,2 .2 , Measurements o f  
Sulphur Dioxide with the XeCl^ Laser DIAL System
Feature Concentration Comments
(1) Peak 120  ppm Peak development i s  delayed a f t e r  SO2  i s  turned on, as i t  d isp e rse s  in to  the  path of 
the pulse
(2) P ers is tence  
then drop High concen tra tion  continues a f t e r  SOg i s  turned o f f ,  as gas d isp erses
(3 ) Base-line  about zero  Set to 0 ppm in  c o n tra s t  to  em itted  l e v e l s
(4) Peak 51 ppm Peak develops in  same way as  peak (1)
(5) Level drop SOg s t i l l  turned on but a breeze develops 
and gas i s  c a r r ie d  away f a s t e r  than emitted
( 6 ) B ase-line  about zero as ( 3 )
(7) Peak 115 ppm Peak development delayed, as in  (1) and (4) D ispersa l i s  aided by lo c a l  a i r  movement 
a t  a f a s t e r  r a te  than i t  i s  emitted
( 8 ) B ase-line  about zero  as (3)
(9) Peak 17 ppm Peak development delayed, as (1) (4) and (7)
(10) Level drop S t a r t  o f  a l i g h t  shower a id s  d i s p e r s a l ,  
though not completely
(11) High le v e l  about 42 ppm SOg contained w ith in  open-ended cy linder
maintained (m odification  on experimental arrangement),
thus , i t  i s  not d ispersed  by a i r  movement
(12) Level drop Cylinder purged of SOg a f t e r  gas turned o f f
Chapter 11 Conclusion
Development of th e  XeCl DIAL system  components has been d e s c r ib e d  in  
chap te rs  2 to 7? in c lu s iv e .  The successfu l opera tion  of these components 
and the p o s s i b i l i t i e s  fo r  t h e i r  improvement are d iscussed in  th i s  chapter 
w i th  p a r t i c u l a r  a t t e n t i o n  be in g  p a id  to  p o s s ib l e ,  more f l e x i b l e ,  s i g n a l  
p ro c e s s in g  schem es. The system  i s  compared w i th  o th e r  DIAL sy s te m s ,  
reviewed in  chapter 1, with sp ec ia l  regard  to  d e tec t io n  l i m i t s  in  measuring 
SOg c o n c e n t r a t io n .  The d e t e c t i o n  l i m i t s  have been e v a lu a te d  on a 
t h e o r e t i c a l  b a s i s  i n  c h a p te r  9, u s in g  th e  l i d a r  e q u a t io n ,  developed  i n  
chap ter 8, T heore tica l d e tec t io n  l i m i t s  are  summarised below, and compared 
w i th  th o se  of o th e r  sy s tem s . S u c c e s s fu l  a p p l i c a t i o n  o f  th e  system  to  
measuring SOg, and subsequent measurement accuracy, have been described in  
chapter 10, F in a lly ,  in  t h i s  chap ter, experimental and th e o re t ic a l  accuracy 
of the system are  compared.
11.1 Equipment S ta tus  and P o s s i b i l i t i e s  fo r  Improvement
11.1.1 Signal A cquisit ion  Svstem
L ase r ,  t e l e s c o p e  and d e t e c t o r  pe rfo rm ance  as  a l i d a r  s ig n a l  a c q u i s i t i o n  
sy s tem  was proven by l i d a r  t e s t s  a t  M e th i l  power s t a t i o n ,  when r e t u r n  
s i g n a l s  were o b ta in e d  from th e  smoke plume. S ig n a l  peak v o l t a g e s  i n  th e  
range 95 mV to  980 mV were measured from the smoke re tu rn s  and peaks around 
2 V were m easured from th e  chimney i t s e l f .  This s i z e  of s i g n a l  i s  l a r g e  
enough to  g iv e  good s i g n a l - t o - n o i s e  r a t i o  when m easured  i n  the  s ig n a l  
h a n d l in g  and i n t e r p r e t a t i o n  sys tem , A re a so n a b ly  c lo s e  c o r r e l a t i o n  was 
obtained between the em p irica l  peak vo ltages  and re tu rn  pulse  w idths and 
th o se  p r e d ic te d  by a com puter model. Thus, th e  l a s e r ,  t e l e s c o p e  and 
d e tec to r  s a t i s f y  the system requirem ents.
There  a r e  p o s s i b i l i t i e s  f o r  im provem ents .  The " h o m e - b u i l t " l a s e r ,  as  i t
s tands , cannot be improved upon without destroying  i t s  r e l a t i v e  s im p l ic i ty
and r e l i a b i l i t y ,  A requirem ent fo r  higher l a s e r  pulse power, with a view to
ob ta in ing  higher s ig n a l - to -n o is e  r a t i o  and/or g re a te r  l i d a r  range, would be
b e t t e r  met by a c o m p le te ly  new l a s e r  d e s ig n ,  in v o lv in g  a d o p t io n  o f an
*improved p re - io n iz a t io n  method, or even by purchasing a commercial XeCl 
exe im er l a s e r .  The l a t t e r ,  though ex p en s iv e  and b u lk y , would p ro b ab ly  be 
packaged w ith in  a more e f f e c t iv e  r , f  sh ie ld  than the p resent device, thus 
r e d u c in g  p ic k -u p ,  one o f  th e  g r e a t e s t  p rob lem s i n  o p e r a t i n g  th e  s ig n a l  
handling system.
In  the  te lescope, a primary m irror w ith  a sh o r te r  fo ca l leng th  would allow 
c o n s t r u c t i o n  of a more com pact in s t r u m e n t .  Even so, t h i s  would on ly  be 
w orth  w h i le  i f  th e  r e s t  o f  th e  sy s tem , in c lu d in g  th e  l a s e r ,  were to  be 
c o r r e sp o n d in g ly  reduced  i n  s i z e ,  A more p r a c t i c a l  s u g g e s t io n  i s  th e
p u rch ase  of a l a r g e r  m i r r o r  f o r  im proved l i g h t  c o l l e c t i o n  e f f i c i e n c y .  
However, i t  has been shown (chap ter 2) th a t  the corresponding improvement 
in  extended l i d a r  range does not j u s t i f y  the expense of a la rg e r  m irror.
The a d o p t io n  o f  an EMI s o l a r - b l i n d  p h o t o m u l t i p l i e r  tu b e ,  na rrow -band  
in te r fe re n c e  f i l t e r  and the  design and co nstruc tion  of a dedicated c i r c u i t  
cannot be fau lted .  However, w ith  h inds igh t,  i t  would have been quicker and 
e a s ie r  to employ and modify an EMI p h o tom ultip lie r  housing, complete w ith  
e lec tro -m agnetic  sh ie ld in g ,
11,1 .2  Laser Tuning
L aser " tu n in g "  i s  a cc o m p lish ed  by th e  i n t r a - c a v i t y  SOg a b s o r p t io n  c e l l ,  
which provides a m od if ica t io n  to  the  r e l a t i v e  s p e c t ra l  content of one of 
th e  DIAL p u ls e s .  This  novel method i s  ve ry  s im p le ,  r o b u s t ,  and e a s i l y  
applied . However, fu r th e r  development of a l a s e r  tuning method has a lready 
been undertaken (sec t io n  5.4) in  the  design of a b i ré f r in g e n t  f i l t e r .  This 
would allow a s in g le  wavelength to be se lec ted  per pulse of the DIAL p a ir ,  
in  c o n t r a s t  to  th e  p r e s e n t  system  of " s p e c t r a l  m o d i f ic a t io n " .  The 
t h e o r e t i c a l  e v a lu a t io n  o f  the  systèm es s e n s i t i v i t y  to  SOg c o n c e n t r a t i o n  
( f i g u r e  9.8,1) shows t h a t  th e  p re s e n t  "mixed w av e len g th "  DIAL d e t e c t i o n  
l i m i t  i s  im proved upon by, ro u g h ly ,  a f a c t o r  o f  5, i n  the  e n v isa g e d  and 
more conventional " d i s t in c t  wavelength" DIAL s i tu a t io n .
Tuning by é ta lo n  was discounted on the bas is  of i t s  s u s c e p t ib i l i ty  to shock 
and to  t e m p e ra tu re  f l u c t u a t i o n .  However, McDermid e t  a l  (1984) a r e  
employing th ree  a ir-spaced  é ta lo n s ,  contained w ith in  a p ressure  v esse l ,  to 
tune  a XeCl* o s c i l l a t o r - a m p l i f i e r  over 307.6 -  308.4 nm, used i n  a 
fluorescence  l i d a r  system.
11.1.3 Signal Prooessing
The s i g n a l  h a n d l in g  equ ipm ent i s  s e n s i t i v e  to  s i g n a l s  a t  th e  m i l l i v o l t  
l e v e l ,  w i th  l i n e a r i t y  up to  s a t u r a t i o n  (12 b i t s )  a t  abou t one v o l t .  T h is  
g iv e s  a good dynamic range  to  a l lo w  a c c u r a te  d e t e c t i o n  o f  a DIAL r e t u r n  
p u ls e  p a i r ,  where one s i g n a l  may be f i v e  t im e s  w eaker th a n  th e  o th e r .  In  
i t s  p r e s e n t  fo rm , th e  s i g n a l  p ro c e s s in g  method p ro v id e s  th e  minimum 
f a c i l i t y  f o r  t a k in g  m easu rem en ts  of r e t u r n  s i g n a l s  and, as  such , i s  th e  
weakest p a r t  of t h i s  DIAL system. The peak d e tec t io n ,  sample-and-hold and 
A-to-D c o n v e rs io n  c i r c u i t  does n o t  have th e  means f o r  t a k in g  sam ples  a t  
i n t e r v a l s  a lo n g  th e  r e t u r n  d i s t r i b u t i o n .  This  i s  a f e a t u r e  of more 
e lab o ra te  equipment, a llow ing the  SO2 d i s t r ib u t io n  along the l i d a r  range to  
be mapped from one d a ta  a c q u i s i t i o n  sequence, A summary of DIAL s ig n a l  
processors  i s  given in  ta b le  11,1,1,
Two r e l a t i v e ly  simple schemes fo r  sampling a t  in t e r v a l s  along the  r e tu rn  
have been described in  the  l i t e r a t u r e ,  Rothe e t  a l  (1974) supplied  a s e r ie s  
of n counters w ith  the am plif ied  s ig n a l  from the p h o to m u lt ip l ie r ,  gating  
the opera tion  of each counter to  measure an in te r v a l  of the re tu rn ,  Vanin 
e t  a l  ( 1 9 7 6 ) repo rted  a system where the a n a lo g u e - to -d ig i ta l  converter i s  
gated to s e le c t  a p a r t i c u la r  i n t e r v a l  of the  re tu rn  s igna l .  The s ize  of the 
s i g n a l ,  i n t e g r a t e d  over th e  i n t e r v a l ,  i s  g iv en  by th e  d u r a t i o n  o f  a 
constan t amplitude pulse a t  the converter output. The l a t t e r  method, though 
i t  s e le c t s  a range in te r v a l ,  does not provide in form ation  from a s e r ie s  o f  
i n t e r v a l s  over th e  l i d a r  ran g e  from one a c q u i s i t i o n  sequence. More 
e lab o ra te  systems (Adrain e t  a l ,  1979» Altmann e t  a l ,  I 9 8O) have employed 
t r a n s i e n t  d i g i t i z e r s  and s t o r a g e  r i n g s  (G ran t e t  a l ,  1974; Murray e t  a l ,  
1 9 7 6 ; Hawley, 1981), a llow ing the  e n t i r e  r e tu rn  s ig n a l  to  be c o l le c te d  and 
d ig i t i s e d  where necessary. Operating a t  up to  100 MHz, the sample in te r v a l  
can be as low as 10 ns. Inform ation  from the d i g i t i z e r  i s  passed to  a mini­
com pute r.  The com puter i n  th e  DIAL system  of A drain  e t  a l  i s  used  to  
co n tro l  the e n t i r e  system, inc lud ing  l a s e r  t r ig g er in g . The computer i n  each 
o f the  re fe r re d  systems i s  used, ju s t  a s  the  Acorn Atom micro-computer i s  
used in  the  81,Andrews system, to  average the d a ta  fo r  noise  reduc tion  and 
to  p resent the  r e s u l t s  fo r  SO2 concentra tion .
There i s  room fo r  providing a much more usefu l s igna l processing system f o r  
the XeCl* l a s e r  DIAL w ithout d e t ra c t in g  from the inheren t s im p l ic i ty  and 
r o b u s tn e s s  o f  the  com ple te  sy stem . I t  may be p o s s ib l e  to  su p e r se d e  the  
p resen t peak d e tec t io n  c i r c u i t  w ith  an improved, f a s t e r ,  version. However, 
a scheme f o r  p ro v id in g  a m easurem ent from any i n t e r v a l  a long  th e  r e t u r n  
p u ls e  cou ld  be p ro v id ed  by a d o p t in g  th e  method o f  Rothe e t  a l  or o f  Vanin 
e t  a l ,  d e s c r ib e d  above. The i d e a l  s o l u t i o n ,  though i t  i s  e x p en s iv e ,  i s  to  
use a t r a n s ie n t  d i g i t i s e r  and ap p rop ria te  computer back-up, as described by 
o ther DIAL workers, w h i ls t  keeping s ize  small and opera tion  simple.
Adrain e t  a l  have repo rted  deconvolution of the l a s e r  pulse shape from the 
re tu rn  pulse, to  allow b e t te r  s p a t i a l  d e f in i t io n  of b acksca tte r ing  media 
and SO2  c o n c e n t r a t i o n s .  The te c h n iq u e  i s  no t  deemed n e c e s s a ry  f o r  th e  
present XeCl l a s e r  DIAL system, where the s p a t i a l  re s o lu t io n  does not need 
to  be so p rec ise ly  defined and where the  la s e r  pulse width (32ns) i s  about 
t h i r t y  tim es sm aller  than the o r ig in a l  pulse w idth (Iji/s) of Adrain e t  a l  a t  
G.E.R.L (The u p ra te d  system  a t  C.E.R.L u ses  a l a s e r  w i th  s m a l l e r  p u ls e  
l e n g th ) ,
11.1,4 General Improvements
In view of the req u ired  r e l i a b i l i t y  and s e r v ic e a b i l i ty  in  f i e l d  equipment, 
a l l  e l e c t r o n i c  and e l e c t r i c a l  c i r c u i t s  should  be r e - b u i l t  on " s l o t - i n "  
boards i n  a rack co n f ig u ra t io n ,  p e rm itt in g  rap id  replacement in  th e  event 
of f a i l u r e .
Re-accommodation of the  DIAL system in  an aluminium t r a i l e r ,  of the type 
used by small r e t a i l e r s  and e x h ib i to rs ,  in  preference to  the present, open, 
t r a i l e r ,  would g iv e  a l l - w e a t h e r  p r o t e c t i o n ,  s e c u r i t y  and would p e r m i t  
f a s t e r  t r a v e l  between opera ting  s i t e s .  The use of pneumatic mounts under 
th e  l a s e r / t e l e s c o p e  head would , p r e f e r a b l y ,  be ex ten d ed  t o  a l l  th e  
equipment u n i ts .
11,2 Summary and Conclusion of Theoretical and Experimental Results
11.2.1 Lidar Equation and i t s  Components
The d e r iv a t io n  of l i d a r  equations, given in  sec tio n  8,2, was necessary to 
p ro v id e  th e  a lg o r i th m  f o r  th e  l i d a r  model of s e c t i o n  8.4. Com parison, i n  
s e c t i o n  8 .6 , o f th e  model w i th  r e s u l t s  o f  l i d a r  s i g n a l  a c q u i s i t i o n  
e x p e r im e n ts  ( s e c t i o n  8,5) has  p roved , w i t h i n  l i m i t s ,  th e  v a l i d i t y  of the  
l i d a r  e q u a t io n .  I t s  a p p l i c a t i o n  to  DIAL, g iv e n  i n  c h a p te r  9, produced th e  
a lg o r i th m s  f o r  s i g n a l  i n t e r p r e t a t i o n  and th e  e q u a t io n s  n e c e s sa ry  f o r  
d e f in in g  SOg c o n c e n t r a t i o n  l i m i t s .  Appendices A8.1 and A8.2 show th e  
d e r i v a t i o n  of e x p r e s s io n s  f o r  R ay le igh  and Mie a tm o s p h e r ic  s c a t t e r i n g  
c o e f f i c i e n t s  f o r  i n c l u s i o n  i n  th e  l i d a r  e q u a t io n  when a p p l ie d  t o  l i d a r  
r e c e p t i o n  of r a d i a t i o n ,  around 308nm, from a model a tm o sp h ere .  The Mie 
s c a t t e r i n g  te rm  i s  i n t e r p r e t e d  i n  t h i s  work to  in c lu d e  th e  R ay le igh  
c o e f f i c i e n t  a t  0,55/ j , a s  a m o d i f i c a t i o n  to  the  d e f i n i t i o n  based  on 
a tm o s p h e r ic  v i s i b i l i t y  a t  t h a t  w ave leng th . The form of a l l  d e r iv e d  
e x p r e s s io n s  i s  i n  a g reem en t w i th  th o se  g iv e n  i n  th e  l i t e r a t u r e  of o th e r  
workers.
11.2.2  DIAL Equations
C hap ter  9 g iv e s  th e  d e r i v a t i o n  o f  e x p r e s s io n s  f o r  th e  r a t i o  of s i g n a l s  
received  as  a DIAL p a ir ,  so th a t  the measured concen tra tion  of atrasopheric 
SOg i s  o b ta in e d  a s  a f u n c t i o n  o f  t h a t  r e t u r n  r a t i o .  The novel method o f  
m o d ify in g  th e  s p e c t r a l  o u tp u t  of one of the  DIAL p u l s e s ,  u s in g  an SOg 
a b s o r p t io n  c e l l ,  g iv e s  an u n u su a l  e x p re s s io n  f o r  SOg c o n c e n t r a t i o n  a s  a 
f u n c t i o n  of r e t u r n  s i g n a l  r a t i o .  The "mixed w aveleng th"  DIAL e q u a t io n  i s  
analysed alongside the  conventional " d is t in c t  wavelength" DIAL case which 
would be app lied  i f  an a l t e r n a t iv e  tuning  method was used.
The DIAL e q u a t io n ,  a p p ly in g  to  th e  use of th e  SOg a b s o r p t io n  c e l l  in  
"tuning" the  l a s e r ,  g ives  the a tm ospheric  SOg concen tra tion  averaged over a 
t a rg e t  range element. This express ion  i s  used as  the algorithm  fo r  the  DIAL 
s ig n a l  i n t e r p r e ta t io n  programs (chap ter 6), f o r  a range-reso lved  r e s u l t .  In  
ad d it io n ,  the range element can be taken as  the e n t i r e  l i d a r  range, to give 
a r a n g e - i n t e g r a t e d  r e s u l t .  T h is  i s  im plem en ted  b e fo re  a r a n g e - r e s o lv e d  
m easurem ent i s  ta k e n ,  to  g iv e  th e  c o r r e c t i o n  f o r  any SOg p re s e n t  i n  th e  
range in te rv en in g  between the  l i d a r  system and the t a rg e t  element.
I n  e v a l u a t i n g  t h e  p e r f o r m a n c e  o f  t h e  s y s te m  i n  m e a s u r in g  SOg 
concen tra tions , the DIAL equations are  s im p l i f ie d  to  evalua te  re tu rn  s ig n a l  
r a t i o s  v e r s u s  th e  c o r re sp o n d in g  SOg c o n c e n t r a t i o n  ( f i g u r e  9 ,2 ,1), In  th e  
"mixed w aveleng th"  c a s e ,  th e  SOg a b s o r p t io n  c e l l  p r e s s u r e  i s  shown a s  
•a n o th e r  v a r i a b l e  ( f ig u re  9,6,1),
11,2,3 Sulphur Dioxide D etec tion  Limits
The crux of any DIAL system i s  i t s  s e n s i t i v i t y  to t a r g e t  gas concentra tion . 
The th e o re t ic a l  d e tec t io n  l i m i t s  of the XeCl* l a s e r  DIAL system have been 
e v a lu a te d  and d i s p la y e d  g r a p h i c a l l y  in  s e c t i o n s  9,4 , 9,7 and 9,8, The 
system  i s  e v a lu a te d  as  b e in g  s h o t  n o i s e  l i m i t e d  and an a n a l y s i s  o f  w o rs t  
case shot noise and therm al noise a t  the p ho tom ultip lie r  anode i s  given in  
s e c t i o n  9,3, Shot n o ise  com ponents a r i s e  from the  background r a d i a t i o n  
(around 308nm) s i g n a l ,  the  p h o t o m u l t i p l i e r  dark cu rren t  (n eg lig ib le )  and 
the  l i d a r  re tu rn  s ig n a l  i t s e l f .  Thermal (Johnson) noise  i s  generated i n  the 
p h o to m u ltip lie r  load r e s i s t o r .
The t h e o r e t i c a l  d e t e c t i o n  l i m i t s  o f  th e  XeCl* l a s e r  system  a re  compared 
w i th  th o se  of o th e r  SOg DIAL sy s tem s  (from t a b l e  1,5,1) i n  t a b l e  11,2,1, 
A c cu ra c y  i s  a l s o  d e p e n d e n t  ( e q u a t i o n s  (9 .4 ,8 )  and  (9 °7 .3 ))  on t h e
absorp tion  c ro s s -s e c t io n  d if fe ren ce  between the  two DIAL wavelengths and on 
the number of p u ls e -p a i r s  averaged. These parameters a re  included i n  ta b le
11.2.1. The tab u la ted  d e tec t io n  s e n s i t i v i t y ,  obtained i n  t h i s  work, i s  from 
f ig u re  9,8,1 (b), where the s ig n a l  s t re n g th  i s  es tim ated  to be i n  the  middle 
o f  t h e  l i k e l y  r a n g e .  C o m p a r iso n  b e tw e e n  t h e  s y s t e m s  i s  made by 
s t a n d a r d i s i n g  th e  e f f e c t  of p u l s e - p a i r  a v e ra g in g  by m u l t ip l y in g  th e  
d e t e c t i o n  l i m i t ,  in  u n i t s  o f  ppm.m, by th e  sq u a re  r o o t  o f  th e  number of 
averaged p u lse -p a ir s ,  to  give (ppm,ra)/m.
The excim er l a s e r  sy s tem , i f  i t  i s  o p e ra te d  w i th  an SOg " tu n in g "  c e l l  a t  
lOOtorr p a r t i a l  p ressure , appears to be l e s s  s e n s i t iv e  than th a t  of Adrain 
by a fa c to r  of over 20, while the system tuned in  the  " d i s t in c t  wavelength" 
mode i s  l e s s  s e n s i t i v e  by a f a c t o r  of ab o u t 4, A f a c t o r  o f  10 would be 
ex p ec ted  betw een t h e s e  two sy s te m s ,  due to  t h a t  o rd e r  o f  m agnitude  
d if fe ren ce  i n  absorp tion  c ro s s -s e c t io n  d iffe ren ce  ( ta b le  11,2,1),
The "mixed w av e len g th "  DIAL s e n s i t i v i t y  i s  v a r i a b l e  by a l t e r i n g  th e  SOg 
c e l l  p r e s s u r e ,  a s  shown i n  f i g u r e  9,2,3. The p r a c t i c a l  range  of c e l l  SOg 
p a r t i a l  p r e s s u r e s  i s  l i m i t e d ,  by d e t e c t i o n  l i m i t  and s ig n a l  s t r e n g t h  
c o n s id e r a t io n s ,  to  be tw een  AOtorr and lO O torr, The b e s t  s e n s i t i v i t y  to  
a tm o s p h e r ic  SOg i s  o b ta in e d  a t  th e  upper l i m i t  o f  c e l l  p r e s s u r e ,  a t  th e  
expense  of s i g n a l  s t r e n g t h  so th e  a b s o r p t io n  c e l l  i s  u s u a l l y  f i l l e d  to  a 
p ressure  of about 100 to r r .
Average excimer l a s e r  DIAL s e n s i t i v i t y  i s  lOOppm.m fo r  "mixed wavelength" 
DIAL and 18ppm,ra fo r  " d i s t i n c t  wavelength" DIAL, when 100 p u ls e -p a i r s  are 
averaged. In  t h i s  case, th e re fo re ,  the "mixed wavelength" system w i l l  have 
to  m easure  th e  av erag e  SOg c o n c e n t r a t i o n  over a t  l e a s t  5km ( ra n g e -  
i n t e g r a t e d )  to  d e t e c t  am b ien t  l e v e l s  down to  0,02ppra, The " d i s t i n c t
wavelength" system w i l l  have to  measure average SOg concen tra tion  over a 
minimum range o f 900m fo r  s e n s i t i v i t y  to  0,02ppm*
11,2.4 T heo re tica l  and Experimental Measurement U n certa in t ies  Compared 
Experiments were su ccesfu l ly  c a r r ie d -o u t  to d e tec t  and to  measure su lphur 
d ioxide, introduced in to  the  path of the la s e r  pulse, proving the  v i a b i l i t y  
of the system. The r e s u l t s  are  summarised in  f ig u re  10.2.2, U n cer ta in t ies  
i n  the  experimental r e s u l t s  a re  shown by f lu c tu a t io n  of repeated r e s u l t s  
about a mean concen tra tion  value. The ex ten t  of these  f lu c tu a t io n s  compares 
c lo se ly  with u n c e r ta in t ie s  and d e tec t io n  l i m i t s  which have been p red ic ted  
by th eo ry .
A'














Table 11.2.1 Comparison of SOg DIAL System Detection Limits









T heore tica l  
Detection 



























References for Chapter 11
Adrain R.S, Brassington D,J, Sutton S, Varey R.H; The measurement of SOg in  
power s t a t i o n  plumes w ith  d i f f e r e n t i a l  I ld a r ,  Opt, and Quantum 
E lec tron . 11, 253-264, (1979)
Altraann J , Lahmann W, Weitkamp C; Remote measurement of atmospheric NgO 
w ith  DF l a s e r  l i d a r ,  Appl. O p t, ,  19, 20, 3453, 15 October (1980)
G rant W.B, Hake R.D J n r . ,  Robbins R.C, L is to n  E.M, P r o c to r  E.K J n r . ;
C a l ib r a t e d  re m o te  m easurem ent of NOg u s in g  the  d i f f e r e n t i a l  
a b s o r p t io n  b a c k s c a t t e r  te c h n iq u e ,  Appl. Phys, L e t t , ,  24, 11, 
550, 1 June (1974)
Hawley J.Gj Dual w av e len g th  l a s e r  r a d a r  p robes  f o r  a i r  p o l l u t a n t s ,  Laser 
Focus, p .60, March (1981)
C h a r a c t e r i z a t i o n  o f  th e  EPRI d i f f e r e n t i a l  a b s o r p t io n  l i d a r  
(DIAL) system, F ina l Report, EA-1267, P ro jec t  862-14, December 
(1979)
McDerraid 1.8, L au d en s lag e r  J.B, P a c a la  T,J; Design o f  a n a rro w -b an d w id th  
l i d a r  system fo r  tropospheric  hydroxyl measurements, Proc. 12th 
. I n t e r n a t i o n a l  L aser  Radar Conference, Aix-en-Provence, France,
13-17 August (1984)
Murray E.R, Hake R.D J n r . ,  van d e r  Laan J.E , Hawley J.G; A tm ospheric  w a te r  
vapour m easu rem en ts  w i th  an i n f r a - r e d  (lO^m) d i f f e r e n t i a l  
a b s o r p t io n  l i d a r  sy s tem , Appl, Phys. L e t t . ,  28, 9 ,  542, 1 May 
(1976)
Rothe K.W, Brinkraann U, Walther Hj A pplication  of tunable  dye l a s e r s  to  a i r  
p o l l u t i o n  d e t e c t i o n ;  M easurement o f  th e  a tm o s p h e r ic  NOg 
concen tra tions  by d i f f e r e n t i a l  absorption, Appl, Phys.B, 3, 115- 
119, (1974)
Vanin N.V, Migulin A.V, Rybakov S.ïu| Lidar fo r  atmospheric in v e s t ig a t io n s  
by v a r io u s  m ethods, Sov. J, Quantum E l e c t r o n , ,  6 , 9, Septem ber 
(1976)
Appendix for Chapter 2.
A2.1 R eflec ting  Telescope Image Sizes as a Function of M irror Separation 
A2.1.1 Image Size; Method 1
Figure A2.1 i s  a ray diagram in d ic a t in g  the  maximum primary image s ize ,  
of d ia m e te r  d j ,  w hich i s  form ed by the  e x trem e  r a y s  a t  th e  edge of th e  
f i e l d .  An i n t e r m e d i a t e  p a ra m e te r ,  g, i s  in t r o d u c e d  to  d e f in e  th e  p o in t  
where a p a r a l l e l  l i g h t  ray passes through the secondary m irror. This allow s 
e q u a t io n  (A2.1,1) to  be w r i t t e n  and e q u a t io n  (A2,1,2) to  be form ed from 
s im i la r  t r ia n g le s .  These r e l a t i o n s  a re
dj = Dg -  2g (A2,1,1)
and
g / ( f  -  d) = (Dp -  D g ) / 2 d ,  (A2.1.2)
which are combined in  the sim ultaneous equation to give the maximum primary 
image s iz e  in  the  expression
d j  = (dDp + fDg -  fDp)/d. (A2.1.3)
The m agn ifica tion  of the primary image diameter by the a c t io n  of a convex
CasSegrain type secondary i s  given by parameters shown in  f ig u re  A2,1 in
the  r e l a t i o n
ra = (b + d ) / ( f  -  d), (A2.1.4)
which i s  applied  with equation (A2,1,3) v ia  the simple expression
= mdj (A2.1.5)
so th a t  the  f i n a l  image diam eter i s  given by
d i = (b + d)(dDp + fDg -  fD p ) /d ( f  -  d). (A2.1.6)
A2.1.2 Image Size; Method 2
F inal system image s iz e  fo r  the  f u l l  f i e ld  o f  view can be derived d i r e c t ly  
from the tr ig o n o m etr ica l  study shown in  the ray diagram of f ig u re  A2,2 The 
d iagram  shows th e  a n g le s  ^ , fo and in t r o d u c e d  f o r  th e  purpose  of 
an a ly s is .  The d is tan ce  y r e l a t e s  the  image rad ius  to  the secondary rad iu s ,  
expressed below. The angle between the  secondary radius of curvature  and 
the o p t ic a l  a x is  i s  given by
t a n ^  = Dg/4f% (A2J.7)
The edge ray  of th e  f i e l d  r e a c h e s  th e  f o c a l  p lane  a t  an a n g le  ÎT to  the
o p t ic a l  ax is , given by
ta n  2T z y /(b  + d), (A2,1,8)
The same ray reaches the edge of the secondary m irro r  a t  an angle W to  the
o p t ic a l  ax is , g iv ing the  r e l a t i o n
t a n  W = (Dp -  Dg)/2d, (A2.1.9)
Image diameter at the system focal plane is introduced by
dj|^  s Dg — 2y, (A2o1o10)
The in t r o d u c e d  a n g le s  a r e  r e l a t e d  by th e  symmetry abou t th e  seco n d a ry  
rad ius  of curvature  in  the  express ion
" c o —^ 0  (A2*1s11)
C om bina tion  o f  e q u a t io n s  (A 2 .1 .7 ) ,  (A 2 .K 8 ) ,  (A2.1 ,9)9  (A2»1,10) and 
(A2.1.11 ) g ives the  system image diam eter in  the  expression
d i  a Dg -  2(b 4- d ) . ta n [ ta n '”^ ( (D p - D g ) /2 d )  -  2 t a n - 1 ( D g / 4 f ' ) ] .  (A2.1.12)




Figure A2*1 Primary Image Size Produced by the Edge Ray
Oi
c e n tre  o f  s e c o n d a ry  c u rv a tu re  se co n d ary prim ary f.p.
Figure A2.2 Primary and System Image S izes Produced by the Edge Hay
Appendix for— Chapte.r_3
A 3.1 f i a l n  EflH.gJLl sn L -1
The secondary  e m is s io n  c o e f f i c i e n t  a t  each s ta g e  i s  a f u n c t i o n  o f  th e  
a c c e l e r a t i n g  v o l t a g e  Vg a c r o s s  th e  s ta g e  ( f i g u r e  A3.1.4) so t h a t  i t  i s  
expressed as
£= A(Vg)®! (A3.1.1)
A and B a re  c o n s ta n t s  w hich  can be found from th e  g a in  and v o l t a g e  
s p e c i f i c a t i o n  f o r  à p a r t i c u l a r  tu b e .  An example i s  g iv e n  i n  s u b - s e c t i o n  
3 . 4 . 2 .  E x a m p l e s  o f  e q u a t i o n  (A 3 .1*1) f o r  tw o  m a t e r i a l s  a r e
6=  0.2 (A3.1.1a)
and
6 = 0.025 Vg (A3.1.1b)
f o r  CsSb and c a e s i a t e d  AgMgO dynodes, r e s p e c t i v e l y  ( P h o to e l e o t r o n ic  
D ev ices , Dance). The o v e r a l l  g a in  G o f a m u l t i p l i e r  c h a in  o f  n dynodes i s  
given by
G s f.g^ 5.j ag252». . . . . . . . g ( A 3 . 1 . 2 )
w here f  i s  th e  c o l l e c t i o n  e f f i c i e n c y  betw een th e  ca th o d e  and th e  f i r s t  
dynode and are  the  c o l le c t io n  e f f i c i e n c ie s  between each stage. In  modern 
dynode design the  l a t t e r  have value near u n ity  (100/5)(EMI catalogue, 1979) 
a llow ing g^ to  be s e t .  The q u a n t i ty  f  must not be ignored and i s  th e re fo re
e v a lu a te d  w i th  th e  c o n s ta n t  A when th e  e q u a t io n s  a re  a p p l ie d  t o  a tu b e .  
Equation (A3.1.2) i s  re -expressed , s e t t in g  g=1, to  give
® " ^"i%T,n ^ i  (A3.1.2a)
E q u a tio n  (A3.1.1) g iv e s  th e  secondary  e m is s io n  c o e f f i c i e n t  so t h a t  
(A3.1.2a) becomes
G = (A3.1.3)
The v o l t a g e  a c r o s s  each s t a g e  i s  d e f in e d  by a z e n e r  d iode  or by th e  
i n t e r s t a g e  r e s i s t a n c e s  as  p a r t s  o f  a d i v i d e r  ch a in .  I f  th e  t o t a l  c h a in  
re s i s ta n c e  i s  and the vo ltage  across  i t  i s  then the  vo ltage  across  a 
s tage  re s is ta n c e  Rg i s  given by
Vg = Vj^.Rg/R.j. (A3.1.4)
I f  the  o v e ra l l  app lied  v o ltage , inc lud ing  Vg across  any zeners , i s  V^ then 
the  chain vo ltage  i s  g iven by
Vp = Vo Vg. (A3.1.5)
E q u a tio n s  (A3.1.3), (A3.1.4) and (A3.1.5) a r e  a p p l i e d  more p a r t i c u l a r l y  to  
two l ik e ly  examples of d iv id e r  chains.
F ig u re  3,1,4 i s  th e  c i r c u i t  d iagram  o f  th e  f i r s t  exam ple, a r e s i s t i v e  
d iv id e r  chain w ith  only the  cathode to  f i r s t  dynode vo ltage  s e t  by a zener 
d io d e .  The f i n a l  r e s i s t o r  i n  th e  c h a in  i s  be tw een  th e  anode and e a r t h  and 
does not e n te r  the  ga in  express ion  except as p a r t  of the  t o t a l  re s is ta n c e
E q u a tio n  (A3.1.4) i s  a p p l i e d  to  deno te  th e  v o l t a g e  a c r o s s  each  o f  n-1 
r e s i s t i v e  s tages  so th a t  equation  (A3.1.3) becomes the  s e r ie s  express ion
G = f.A” [Y2jç.Vp^"‘*.R2.R3...«..Rn/RT*^’"^]^» (A3.1.6)
d e f in in g  th e  g a in  o f  a tu b e  f o r  a known a p p l i e d  voltage® The c a th o d e - t o -  
f i r s t - d y n o d e  z e n e r  v o l t a g e  i s  more c l e a r l y  d e f in e d  a s  E q u a t io n
(A3.1.6) i s  re -a rranged  to  give
Vj^  = [(G /f .A ")^ /^ .R g ." -1 /V g^ .R 2 .R g .. . .R ^]^ / '^ - \  (A3.1.7)
which, when used in  conjunction  w ith  equation (A3.1.5) d e fines  the  o v e ra l l  
vo ltage  to  be s e t  fo r  a d es ired  gain.
A3.2 .G.ai n Equation 2
The second d i v i d e r  c i r c u i t  exam ple, shown i n  f i g u r e  3.1 .5, u ses  z e n e r  
diodes to  s e t  f i n a l  s tage  v o ltag es ,  thus allow ing v a r i a t io n  of gain  a t  high 
s i g n a l  p u ls e  c u r r e n t s  w i th o u t  l o s i n g  l i n e a r i t y  o f  re s p o n se .  Response 
l i n e a r i t y  i s  e x p la in e d  i n  s e c t i o n  3.2. The f i n a l  z e n e r  v o l t a g e  does no t 
e n t e r  th e  g a in  e x p r e s s io n  ex ce p t  a s  a c o n t r i b u t o r  to  Vg i n  e q u a t io n  
(A3,1.5). I f  t h e r e  a r e  m 1^ f i n a l  s t a g e  z e n e r s ,  w i th  m o f  t h e s e  a c t i v e  i n  
providing gain, then  equation  (A3.1.3) becomes
G =, f.A*'[V2jç.Vg^.„..Vgj^.Vj^^” ®"‘*,R2.R3....Rn„iii/%*^” “ “ ^^®'’ (A3.2.1)
In  th e  example i n  f i g u r e  3.1.5 t h e r e  a re  t h r e e  f i n a l  s ta g e  z e n e r s  (m=2). 
Equation (A3.1.5) i s  app lied  to  give
V% = V g  -  ( V g k  -5- Vg-, +  V g g  4- V g g ) .  ( A 3 . 2 . 2 )
The v o l t a g e  V^, f o r  a g a in  G, i s  g iv e n  by e q u a t io n  (A3.2.2) i n  c o n ju n c t io n  
w ith  equation (A3.2.1) which i s  re -a rranged  to  give
Vp = [ ( G / f . A ^ ) ' ’ /®RY^‘"®’” V V gi^ ,V g- |  VgjQ.R2 .R 3  < ^ 3 . 2 . 3 )
A3.3 P red ic t io n  of_,the_.Transfer-Funo-tlon
I f  the  cathode cu rren t  fu n c tio n  i s  ij^, the  anode cu rren t  func tion  i s  i ^  and 
th e  t r a n s f e r  f u n c t io n  i s  H, th e n  a c o n v o lu t io n  by th e  p ro d u c t  o f  F o u r ie r  
transform s gives
(A3.3.1)
For the  sake o f a n a ly s is  the  anode cu rren t i s  p red ic ted  to  have the form of 
a G au ss ian  f u n c t i o n  i f  th e  c a th o d e  c u r r e n t  i s  n e a r ly  in s t a n ta n e o u s  (EMI, 
P h o to e lec tr ic  C ells  and P h o to m u lt ip l ie rs ,  1961). In f a c t  an ins tan taneous  
o p t ic a l  pulse a t  the  photocathode produces a cathode em ission w ith  the form 
o f  an e x p o n e n t i a l  decay. However, th e  t im e  c o n s t a n t ,  , o f  t h i s  i s  l e s s  
th a n  th e  t im e  s p re a d  i n  t r a n s f e r  th ro u g h  th e  p h o t o m u l t i p l i e r  s t r u c t u r e .  
F u r th e rm o re ,  th e  anode c u r r e n t ,  i n  f a c t ,  w i l l  r i s e  more r a p i d l y  and f a l l  
more slowly than a Gaussian, An approximation i s  made to  a d e l ta  func tion  
by assuming a pulse d u ra t io n  of A t  w ith  a f i n i t e  o rd ina te ,  shown in  f ig u re  
A3.2, I f  N e l e c t r o n s  a re  e m i t t e d  ov e r  th e  i n t e r v a l  A t  th e n  th e  ca th o d e  
cu rren t  i s  given by
ij^=Ne/At (A3.3.2)
à d e lta  fu nction  i s  expressed by
J  S ( t )d t  = 1o (A 3.3 .3)
Approximating t h i s  to  the  form o f  f ig u re  A3.2 gives
6 ( t ) A t  1o (A3.3.4)
A pplication  of equation (A3.3.4) t o  e q u a t io n  (A3.3.2) g iv e s
ÿ i i ,  = Ne (0). (A3.3.5)
The Fourier transform  of equation (A3.3.5) i s  given by
^ i j ç  5 Ne. (A3.3.6)
The Gaussian anode cu rren t  r e s u l t s  from the cathode pulse a f t e r  a ga in  of 
G, The anode cu rren t i s  p red ic ted  to  be given by
ig ( t ) ^ t  ” ( N e G / ? 2 ) . e x p ( - t ^ / , (A3.3.7)
where Tg, the standard  d ev ia t io n  of the  Gaussian, i s  given by
T2=fwhm/2.36. (A3.3.8)
The fwhra value i s  given by the p h o to m u lt ip l ie r  manufacturer to  denote time 
response. The Fourier transform  of a Gaussian i s  another Gaussian, so th a t  
the  anode curren t of equation  (A3«3«7) becomes
'3^ ia(t)^|. = NeG.exp(-co?'Tp^/2) o (A3.3*9)
C o n v o lu tio n  o f  e q u a t io n s  (A3.3.5) and (A3.3.7) a cc o rd in g  to  (A3.3.1), u s in g  
e q u a t io n s  (A3.3.6) and (A3.3.9) g iv e s  th e  p u ls e  t r a n s f e r  f u n c t i o n  in  
f req u e n cy  space  as
= G.exp(-co2rp2/2). (A3.3.10)
This i s  deconvolved to  give
H = (G /Æ 7rT 2).exp(-t^ /22g^), (A3.3.11)
which describes  the  tim e response and gain  of the  p h o to m u lt ip l ie r  tube*
A3.4 AppliGation_Qf_b_he. T ransfer. Function to  a Gau3,slaJiJlPijLoaJLAnc_ti_on 
The t r a n s f e r  func tion  of equation (A3.3.11) i s  applied  in  the  transform  o f 
e q u a t io n  (A3.3.10) t o  th e  pa ssag e  o f  an i n c i d e n t  o p t i c a l  p u ls e  f u n c t io n  
which has been approximated to  a photon cu rren t of Gaussian form given by
n» (t)  = (Uj^/Ærv T ^ ) .e x p ( - t^ /2 ? ^ ^ ) , (A3.4*1)
where n^ i s  the  t o t a l  number of photons in  the pulse, given by
oo
Hi = /  n»dt; (A3.4*2)
7^ i s  the  standard d ev ia t io n  of the  o p t ic a l  pulse, r e la te d  to  the  fwhm of the
pulse by
= f\^hm/2,36« (A3,4.3)
The cathode response, denoted by ah exponential decay time constan t shown 
in  f ig u re  A3.3, i s  neg lig ib ly  sm all compared w ith  the response of the  tube 
or the  d u ra tio n  of the  o p t ic a l  pu lse  so th a t  the fo llow ing l i m i t s  apply*
Z, «  (A3.4.4)
«  Tg* (A3.4,5)
The c a t h o d e  c u r r e n t  a r i s e s  d i r e c t l y  by e q u a t io n  (A3.4*1) w i th  th e  
e le c t ro n ic  charge, e, and the  quantum e ff ic ien cy ,/ j ,  to  give
ip. = ( ^ e n ^ / / J ^  '2rQ),exp(-t^/22'çj^)* (A3*4,6)
T h is  i s  used  i n  c o n v o lu t io n  w i th  th e  t r a n s f e r  f u n c t io n ,  r e s u l t i n g  i n  th e  
anode cu rren t fu n c tio n  given by
ig  = [f|^enj^G/ÆR (t^^ + 2:2 ^)3«expC-t2/2(2;^^ ^2^^^" (A3.4*7)
T h is  shows th e  t im e  sp re ad  e f f e c t  im posed by a p h o t o m u l t i p l i e r  o f  t im e  
re sp o n se  g iv e n  by e q u a t io n  (A3.3.8) on an o p t i c a l  p u ls e  o f  d u r a t i o n  g iv e n  
by equation (A3.4.3)* That i s ,  the  standard  dev ia t io n  of the  o p t ic a l  pulse, 
becomes a t  the  anode. This i s  more r e a l i s t i c a l l y  expressed
as
f«*’“ pulse = (A3.H.8)
A3.5 Applying the_T_ube Transfer_F_u_n_c_tJ.on to_Anv:_InQldent_J)lsj;æibutiQh 
The f in a l  tim e dependent anode cu rren t  func tion  i s  desired  i n  an an a ly s is  
o f  a d e t e c t e d  o p t i c a l  p u ls e .  The t r a n s f e r  f u n c t io n ,  H i s  a p p l ie d  i n  
convolution v ia  equation (A3.3.1) w ith  the cathode cu rren t  func tion , ip ,  as 
i n  th e  p r e d i c t i o n  o f  A3,3 end th e  a p p l i c a t i o n  to  a G au ss ia n  i n  A3.4, I t  i s  
u s e f u l ,  e s p e c i a l l y  when t h e o r i s i n g  on th e  l i d a r  r e t u r n  d i s t r i b u t i o n ,  to  
c o n s id e r  th e  o p t i c a l  f u n c t i o n  a s  th e  photon d i s t r i b u t i o n  n*(t) ,  a p p ly in g  
d i r e c t l y  t o  th e  l i d a r  e q u a t io n  o f  c h a p te r  8, T h is  i s  e a s i l y  e x p re s s e d  a s  
th e  ca th o d e  c u r r e n t  o u tp u t ,  g iv e n  th e  c o n d i t io n s  o f  (A3.4.4) and (A3.4.5), 
by the  e q u a li ty
ip = n '( t ) q e  (A3.5.1)
The t r a n s f e r  equation i s  given, s t r i c t l y ,  using (A3.3.1) as
^ i g  s r^e 9^n ' ( t ) .  9-H, (A3.5.2)
A3.6 Cathojie_Gurrent_ L im ita tion ;. Fatigue__and_Heating
An e x c e s s iv e  ca th o d e  c u r r e n t  can  cause  h e a t in g ,  to  th e  d e t r im e n t  o f  th e  
cathode m a te r ia l .  The cathode r e s i s t i v i t y  may l i m i t  the  cu rren t  to  a le v e l  
which i s  lower than intended. A manufacturer w i l l  s t a t e  the  maximum average 
cathode cu rren t ,  the  maximum average cathode cu rren t density  or j u s t  the  
maximum average  anode c u r r e n t  f o r  a p a r t i c u l a r  tu b e  or tu b e  ty p e .  The 
l a t t e r  i s  more u s e f u l  s i n c e  th e  maximum ca th o d e  c u r r e n t ,  a f t e r  a g a in  o f  
perhaps 10^ or 10^ tim es, becomes a cu rren t which f a r  exceeds the  maximum 
anode c u r r e n t .  In  s e c t i o n  3.4 i t  i s  s een  t h a t  th e  maximum av e rag e  anode 
curren t does impose a s t r i c t e r  l i m i t  on in c id en t  photon energy than does 
the  cathode r e s t r i c t i o n .  I t  i s  necessary to  be aware th a t  r e s t r i c t i o n s  a re
usua lly  expressed as the  maximum a v e rag e  c u rren t ,  expressed fo r  the  cathode 
as  i p  max* a p p l i c a t i o n  to  p u ls e  d e t e c t i o n  th e  p u ls e  c u r r e n t  ip% 
r e p e t i t i o n  r a t e  S, and p u ls e  d u r a t io n  (fwhm) a re  r e l a t e d  t o  th e  av erag e  
cu rren t  ip  by
îfc = ^ k '- S - ^ h ^ o a th o d e  (A3.6.1)
w here  th e  p u ls e  c u r r e n t  can be g iv e n  by th e  c h a rg e ,  Q, e m i t t e d  from th e  
cathode in  the  expression
I k '  = Qk/f«* '“ oathode- (A3.6.2)
T h is  e n a b le s  a p p a r e n t ly  l a r g e  p u ls e d  c u r r e n t s  to  p a ss  w i th o u t  f e a r  o f  
cathode degradation, although i t  may be l im i te d  in  some o ther way.
A3.7 Anode, ■Current, Limit a t i o n ;^atiÆue_._He_at_lng.AIalJ[L_aM-JjÆi5_e,
An excessive cu rren t through the  anode can cause d e te r io ra t io n .  The anode 
i s  a b le  to  d i s s i p a t e  a power w hich , a c c o rd in g  to  e q u a t io n  (A3 .7 . I )  
determ ines the  maximum average anode cu rren t.
^raax " ^anode^ max* (3 .7 » 1)
In  a w orse case  a v e ry  h ig h  anode c u r r e n t  may h e a t  th e  l a s t  few dynodes, 
r e s u l t i n g  i n  l o s s  o f  th e  a c t i v e  dynode m a t e r i a l  and i t * s  d e p o s i t  on th e  
anode. In  tu b e s  w hich  can ta k e  h ig h  anode c u r r e n t  p u l s e s  th e  v o l t a g e s  on 
the  l a s t  dynodes are  s e t  high to  improve e le c t ro n  t r a n s fe r ,  thus avoiding 
s p a c e -c h a rg e  e f f e c t s  w hich  would lo w er  tu b e  g a in  and i n c r e a s e  th e  n o is e  
l e v e l .
The average anode current is given for a current pulse by the expression
± a  = ia ' .8 . f w h m a p g j a '  ( * 3 . 7 . 2 )
where i^» i s  th e  anode p u ls e  c u r r e n t ,  S i s  th e  r e p e t i t i o n  r a t e  and 
fwhm^jjQ^jQ i s  th e  p u ls e  d u r a t io n .  The anode p u ls e  c u r r e n t  i s  g iv en  by
l a '  = (A 3 .7 .3 )
A3,8 Interdyjiode Voltages; Feedback,, A fterpu lses  an(L-Sat_ur_a_ti_o_n 
The interdynode vo ltag es  s e t  by the  d iv id e r  chain of r e s i s t o r s  are  l im i te d  
to  avoid io n iz a t io n  of r e s id u a l  gases w ith in  the  tube. This l im i t a t i o n  i s  
as much a p ro te c t io n  ag a in s t  in s u la t io n  breakdown between stages. I f  the  
o v e r a l l  v o l t a g e  i s  to o  h ig h  th e  anode le a k a g e  c u r r e n t  to  th e  c a th o d e  and 
dynodes may enhance the  noise c h a r a c te r i s t i c  o f  the  tube. Io n iz a t io n  may 
l e a d  to  o p t i c a l  and i o n i c  fe e d b ac k  when th e  pho tons  and io n s  produced 
s t r i k e  the  cathode, causing i t  to  em it e lec tro n s .  The s ig n a l  pulse i t s e l f  
may s t i m u l a t e  t h i s  s o r t  o f  fe e d b ack ,  l e a d in g  to  s p u r io u s  a f t e r  p u l s e s ,  
occurring in  two ca teg o rie s .  Those occurring a few microseconds l a t e r  have 
t h e i r  o r ig in  i n  s t im u la ted  io n ic  feedback which produces e lec tro n s  from the  
ca th o d e  o r dynodes. Those a r i s i n g  a fevi nanoseconds l a t e r  a re  due to  
o p t ic a l  feedback where photons from the anode reg ion  s t r i k e  the cathode. 
The degree of io n iz a t io n  c re a t in g  these  problems i s  reduced by cooling the  
tube to  lower the  vapour p re ssu res  of the  re s id u a l  gases, a llow ing h igher 
vo ltages  to  be employed.
Adequate vo ltages  must be app lied  between s tages  to  ensure th a t  the re  i s  no
lo s s  o f  ga in  due to  space charge e f fe c t s .  The vo ltage  applied  between the  
ca th o d e  and th e  f i r s t  dynode i s  th e  most c r i t i c a l  s i n c e  i t  i s  th e  
c o l le c t io n  e f f ic ie n c y  of the  f i r s t  dynode which most in f luences  tube gain. 
For b e s t  r e s u l t s  th e  o a t h o d e - t o - f i r s t - d y n o d e  v o l t a g e  i s  h ig h e r  th a n  th e  
in te rd y n o d e  v o l t a g e s ,  a p a r t  from th e  p o s s i b i l t y  o f  h ig h e r  f i n a l  s t a g e  
v o ltag es  fo r  pulse a p p l ic a t io n s .  E ffic iency  i s  fu r th e r  improved by s e t t in g  
th e  f i r s t - t o - s e c o n d - d y n o d e  v o l t a g e  h igher than those of the  in te rm ed ia te  
s t a g e s .  I t  i s  w is e  to  s t a b i l i s e  th e  f i r s t  s t a g e  v o l t a g e  by z e n e r  d io d e s ,  
enabling a l t e r a t i o n  of o v e ra l l  vo ltage  w ithout changing the  o r ig in a l  gain.
The ca th o d e - to - f irs t-d y n o d e  and the  interdynode vo ltag es  a re  fixed  by the  
v o l t a g e  d i v i d e r  c i r c u i t  w h ic h  i s  d e s i g n e d  w i t h  c o n s i d e r a t i o n  o f  
manufacturers s ta te d  maxima and recommended values fo r  s tage  and o v e ra l l  
vo ltages. These given va lues  may vary between tubes fo r  d i f f e r e n t  d e tec t io n  
p u rp o se s .  For exam ple, a f a s t  l i n e a r  fo cu sed  tu b e  u s e s  h ig h e r  ca th o d e  to  
f i r s t  dynode and in terdynode vo ltag es  than  does a slower response tube w ith  
a Venetian b lind  s t ru c tu re  and the  same diameter. Smaller d iam eter tubes 
use lo w er  v o l t a g e s ,  s u f f i c i e n t  to  m a in ta in  c o l l e c t i o n  e f f i c i e n c i e s  i n  
s m a l l e r  a r e a  c a th o d e  and dynode s t r u c t u r e s .  Recommended v o l t a g e s  and a 
s ta n d a r d  c i r c u i t  a r e  u s u a l l y  used  by th e  m a n u fa c tu re r  i n  t e s t i n g  a 
p h o to m u lt ip l ie r  and in  d e ta i l in g  the  s p e c i f ic a t io n  of a p a r t i c u la r  device. 
A pplication  of these  param eters can be used to  define the  s p e c i f i c a t io n  of 
a tube operated under modified conditions .
A3.9 F in a l  Dvnode Voltages in  Pulsed Applications,; Response L in ea r i tv  
The i d e a l  p h o t o m u l t i p l i e r  would m a in ta in  a c o n s ta n t  g a in  ove r  th e  whole 
ran g e  o f  d e te c te d  o p t i c a l  I n t e n s i t i e s ,  However, a l a r g e  c u r r e n t  p u ls e  a t  
the  anode and a t  the  l a s t  few dynode s tages  i s  ap t to  produce space charge
s a t u r a t i o n  betw een  th e s e  s t a g e s  u n l e s s  h ig h e r  v o l t a g e s  a re  a p p l ie d  to  
t r a n s f e r  a l l  th e  e l e c t r o n s  and th u s  m a in ta in  c o n s ta n t  g a in .  G r e a t e r  
r e s i s t a n c e s  i n  th e  d i v i d e r  c i r c u i t  supp ly  th e  n e c e s sa ry  f i n a l  s t a g e  
vo ltages . I f  the  cen tre  s tage  re s is ta n c e s  a re  each of the  value R then EMI 
recommend (EMI catalogue, 1979) f in a l  s tage  r e s i s t o r s  of 1.25R, 1.5R, 1.75R 
and 3R in  high cu rren t  pulse  d e tec to r  c i r c u i t s .  The l a s t  four components of 
such  a c i r c u i t  a r e  i l l u s t r a t e d  i n  f i g u r e  3=2.4 w i th  p a r a l l e l  d eco u p lin g  
cap a c i to rs  to  fu r th e r  preserve  l i n e a r i t y .  This o the r  e f f e c t  of high cu rren t 
pu lses  on l i n e a r i t y  i s  explained in  appendix A3.12,
A3.10 Divider, Chaln;_Re3Ponse L in ea r i ty ,  (V.oltage_atid Current. Cons id  e r a t  l.oj i l  
The l i n e a r i t y  of response w ith  re sp ec t to  the d.o param eters of the  d iv id e r  
c i r c u i t  in v o lv e s  th e  a v e rag e  anode c u r r e n t ,  i ^  and th e  d i v i d e r  c i r c u i t  
cu rren t ,  i^ . The anode cu rren t  reduces the  e le c tro n  c o l le c t in g  p o te n t ia l  by 
lo w e r in g  th e  d i v i d e r  c u r r e n t  a t  th e  f i n a l  s t a g e s ,  e s p e c i a l l y  th e  l a s t  
s t a g e ,  where more e l e c t r o n s  a r e  hand led . The r e s i s t i v e  s t a g e s  and 
conventional c u rren ts  shown in  f ig u re  A3.4 are  considered fo r  the  a n a ly s is  
below. Considering the  n^^ dynode and applying Kirchoff*s ru le  fo r  cu rren ts  
a t  a node (% i  = 0) th e n  th e  c u r r e n t  from th e  dynode to  th e  c h a in  i s  g iv e n  
by
^dn“^a“ ^n-1 » (A3.10.1)
w here i ^  i s  th e  a v e rag e  anode s i g n a l  c u r r e n t  be tw een  th e  l a s t  dynode and 
ea r th .  i^_^ i s  the  s ig n a l  cu rren t  to  the  previous s tage. The d iv id e r  chain 
c u r r e n t  i s  i ^  when th e  anode c u r r e n t  i s  z e ro  bu t i t  i s  reduced  by i^^j, 
g iv e n  i n  e q u a t io n  (A3.10,1) when an e l e c t r o n  s i g n a l  p a s s e s  down th e  tu b e .  
Other dynode cu rre n ts  are  p resen t but the  s ig n a l  c u rren ts  a t  those p laces
a re  i n s i g n i f i c a n t  when compared w i th  t h a t  o f  th e  f i n a l  s t a g e .  The f i n a l  
a m p l i f i c a t i o n  i s  d e te rm in e d  by th e  f i n a l  r e s i s t o r ,  w hich , f o r  z e ro  
anode c u rren t ,  s e ts  the  f i n a l  voltage given by
^a = id^n* (A3.10.2)
When an anode curren t i s  drawn, however, th i s  f i n a l  voltage i s  reduced by 
(3.10,1) to  g iv e
Vn = d j  -  i g  + i n + l ) ^ n "  ( A 3 .1 0 .3 )
The c u r r e n t  g a in  a t  th e  l a s t  dynode i s  g iv en  by the  secondary  e m is s io n  
c o e f f ic ie n t ,   ^ in  the  expression
^ * n - l  = *a> ( A 3 . 1 0 . 4 )
allow ing equation (A3.10.3) to be re -expressed  as
Vjj = [ i j j  -  i g ( 1  -  1 /6 )]R jj .  ( A 3 . 1 0 , 5 )
The p r e s e r v a t i o n  o f  g a in  l i n e a r i t y  i s  c o n s id e re d  to  be a f u n c t i o n  o f  the  
f i n a l  s ta g e  v o l t a g e s  and t h e r e f o r e  o f  th e  c u r r e n t s  in v o lv e d .  The prim e 
f a c t o r s  i n  g a in  a re  the  seco n d ary  e m is s io n  c o e f f i c i e n t s  a s  a f u n c t i o n  o f  
th e  i n t e r - s t a g e  v o l t a g e s  a s ,  f o r  exam ple, in  e q u a t io n  (A3.1.1 a) f o r  CsSb 
dynodes. I f  th e  l i n e a r i t y  i s  d e f in e d  by a change i n  v o l t a g e ,  AV, a s  a 
percentage or f r a c t io n  o f  a vo ltage , V, then consider the  change expressed 
by AV/V = 1^. E qua tion  (A3.1.1a) g iv e s  6= 5.024 @ V = 100 v o l t s  and
6= 5.059 @ V s 101 v o l t s .  The seco n d ary  e m is s io n  c o e f f i c i e n t  changes  by
0 7^%, w hich i s  l e s s  th an  th e  c o rre sp o n d in g  v o l t a g e  change, a s  i s  t y p i c a l
where the vo ltage  i s  r a is e d  to  a power l e s s  than un ity . Therefore, in  using 
AV/V a s  a d e f i n i t i o n  o f  l i n e a r i t y  f o r  d e s ig n  p u rp o se s  th e n  th e  l i m i t s  a r e  
s e t  fo r  the  w orst case, a fu n c tio n  of voltage. Departure from l i n e a r i t y  i s  
expressed by
AV/V = (V^ -  Vjj)/V^ (A3.10.6)
which becomes, w ith  equations (A3.10.2) and (A3.10,5)
A V /V  = 1^(1 -  1 / S ) / i j i ,  ( A 3 . 1 0 . 7 )
The ex trem e  u pper  l i m i t  i s  a p p l i e d  a t  i n f i n i t e  seco n d ary  e m is s io n  
c o e f f ic ie n t  to  give the  departu re  from l i n e a r i t y ,  given by (A3.10.7) as
L = V ^ d *  (A3.10,8)
The maximum a l lo w ed  d e p a r tu r e  from l i n e a r i t y  i s  g iv e n  when e q u a t io n  
(A3.10.8) i s  expressed as the  in e q u a l i ty
id  > ia / im a x -  (A3.10.8a)
E q u a tio n  (A3.10.8a) i s  a p p l i e d  to  a p u ls e d  s i g n a l  u s in g  e q u a t io n s  (A3.7.2) 
and (A3.7.3) to  define  the average anode cu rren t i n  term s of the  charge, 
a t  a r e p e t i t i o n  r a t e  o f  S pps. The d iv id e r  cu rren t i s  given by
ijj = Vp/Ry, (A3.10.9)
which i s  used in  (A3.10.8a) to  give the  l i m i t
^max ^ (^a^^max^T max^^R min* (A3.10.10)
To keep w i th in  the  l i n e a r i t y  requirem ent the  d iv id e r  cu rren t i s  maximised 
when la rge  anode cu rren ts  are  expected* To t h i s  end, a d iv id e r  chain of low 
r e s i s t a n c e  would be used  bu t  f o r  c i r c u i t  h e a t in g .  Minimum c i r c u i t  
r e s i s t a n c e  can be s e t  u s in g  e x p r e s s io n  (A3.10.11), which im poses  a lo w e r  
l i m i t  on d i v i d e r  c h a in  r e s i s t a n c e ,  th e  upper l i m i t  b e in g  im posed by 
l i n e a r i t y  i n  (A3.10.10). T o ta l  c h a in  r e s i s t a n c e  i s  s e t  by th e  d i s s i p a t i v e  
a b i l i t y  o f  the  r e s i s t o r s  according to
"  > (A3.10.11)
where W i s  the  maximum average power r a t in g  per r e s i s t o r ,  i s  the  maximum 
voltage  l ik e ly  across  the  chain  of n^ r e s i s t o r s  w ith  t o t a l  r e s is ta n c e  R.j,. 
The f a c t o r  o f  two e n s u r e s  t h a t  maximum power r a t i n g s  a r e  no t exceeded . 
E q u a tio n s  (A3.10.10) and (A3.10.11) a r e  combined to  d e f in e  th e  a l lo w a b le  
range of d iv id e r  chain re s is ta n c e s  by
^^R^max^^R^ < R  ^ < LVp min'^^^a^^max* (A3.10.12)
The power r a t i n g s  f o r  i n d i v i d u a l  r e s i s t o r s  shou ld  not be exceeded . The 
v a lu e  o f  (Qa^^raax g iv e n  by th e  anode f a t i g u e  l i m i t a t i o n ,  th e re b y
defin ing  the  upper l i m i t  of R  ^ f o r  a requ ired  l in e a r i ty *
For. th e  d e t e c t i o n  o f  h ig h  c u r r e n t  p u l s e s  th e  i n t r o d u c t i o n  of d e co u p l in g  
cap ac ito rs  ( f ig u re  3.2.4) means th a t  the  l i n e a r i t y  requirem ent i s  preserved 
w h i ls t  the  peak pulse cu rren t  exceeds the  dynode cu rren t.  The average anode 
c u rren t  must conform to  the  l i m i t
ïg «  (A3.10.13)
w h i ls t  a llow ing the peak of pulse cu rren t i^* to  e x i s t  in  the  l im i t
i a ' p e a k  »  (A3.10.HO
a t  low p u ls e  r a t e  and s h o r t  p u l s e  w id th .  The av e rag e  c u r r e n t ,  i ^  i s  
connected to  the  pulse cu rren t by equation (A3-7«2),
Another way of m ain ta in ing  the  c o rre c t  p o te n t ia l  across  the  f i n a l  s tages  i s  
to  use z e n e r  d io d es  on th o s e  s t a g e s  i n  c o n ju n c t io n  w i th  th e  d e co u p lin g  
c a p a c i t o r s ,  a s  i l l u s t r a t e d  i n  f i g u r e  A3.5. In  t h i s  c o n f i g u r a t i o n  i t  i s  
po ss ib le  to  a l t e r  the  o v e ra l l  tube ga in  by varying the  o v e ra l l  vo ltage  and 
t h e r e f o r e  th e  i n t e r m e d i a t e  s t a g e  v o l t a g e s .  The use  o f  z en e r  d io d e s  
e l im in a te s  the  need fo r  a very high d iv id e r  chain cu rren t.  Less s t r in g e n t  
cond itions  apply to  t h i s  case. The l i m i t s  are
Ig  < i g  (A3.10.15)
under the cond itions  of
l a 'p e a k  »  ^d (A3.10.16)
a t  low pulse r a te  and sh o rt  pu lse  width.
A3.11 -Eff_e_o_t o f  Load Resistance, on L in ea r i ty
An upper l i m i t  must be im posed upon th e  lo a d  r e s i s t a n c e  because  th e  
p o t e n t i a l  deve loped  a c r o s s  th e  lo a d  r e s i s t o r ,  be tw een  th e  anode and th e
ear th ,  reduces the  v o ltage  between the  anode and the  l a s t  dynode. The f i n a l  
s e c t io n  of f ig u re  A3.4 i s  drawn in  i t s  equ ivalen t form in  f ig u re  A3.5. The 
c u r r e n t  be tw een th e  f i n a l  dynode and th e  anode i s  assumed to  form th e  
c i r c u i t  which s a t i s f i e s  K irchoff 's  ru le ,  g iv ing the sum of p o te n t ia l s  in
V = 21 iR, (A3,11.1)
T h is  i s  a p p l i e d  to  f i g u r e  A3.5 to  g iv e  th e  e f f e c t i v e  p o t e n t i a l  a c r o s s  th e  
f i n a l  s tage  as
Vn = V ^ d  -  î"a -  V l >  “ % l a '  (A3.11.2)
This i s  d i f f e r e n t  from th a t  given in  equation (A3.10.3), which was formed 
to  consider a more c r i t i c a l  l i m i t  on l i n e a r i t y  and could ignore t h i s  e f f e c t  
as n e g l ig ib le  in  comparison. When no load re s is ta n c e  i s  p resen t,  then i s  
g iv e n  by e q u a t io n  (A3.10.3). The change i n  th e  v o l t a g e  i n  com paring  
e q u a t i o n s  (A 3 .11 .2 ) and (A 3 .10 ,3 ) i s  R^ia* Thus t h e  l i n e a r i t y ,  by 
c o n s t r a in t  of load p o te n t ia l ,  i s  g iven by
L = i a V ^ n '  (A3.11.3)
A3.12 Mylde_r_Chain; Response L inear!tv , in._Puls^_JW^miiion 
I t  has been m en tioned  t h a t  f i n a l  s ta g e  c a p a c i t o r s  can be in c lu d e d  to  
p r e s e r v e  l i n e a r i t y  when h a n d l in g  h ig h  c u r r e n t  p u l s e s .  The l i m i t s  on th e  
d i v i d e r  c h a in  s p e c i f i c a t i o n  and on th e  anode c u r r e n t s  a p p ly in g  to  such 
c o n f ig u r a t i o n s  w ere g iv e n  i n  e q u a t io n s  (A3.10,13) and (A3.10.14), T h is  
appendix exp la ins  why c ap a c ito rs  are  used fo r  t h i s  purpose and i t  d e r ives  
e x p r e s s io n s  to  be used  i n  d e f in in g  c a p a c i t o r  v a lu e s  i n  a s p e c i f i c
a p p lica t io n ,
A h igh  c u r r e n t  p u ls e  a t  a f i n a l  dynode or th e  anode w i l l  p roduce a 
s ig n i f i c a n t  p o s i t iv e  p o te n t ia l  w ith  re sp ec t  to  ea r th ,  tending to  reduce the  
e x i s t i n g  a c c e l e r a t i n g  n e g a t iv e  p o t e n t i a l  (with respec t to  ear th )  between 
s t a g e s ,  th e re b y  a l t e r i n g  th e  g a in  o f  th e  d ev ice .  T h is  o c c u rs  because  th e  
e le c t ro n  flow towards the  anode behaves as a cu rren t opposing the  d iv id e r  
chain cu rren t ,  shown in  f ig u re  A3.6, The r e s u l t  i s  app reciab le  a t  the  f i n a l  
s tages  where charge pulses  have been am plif ied . An immediately obvious way 
around t h i s  problem appears to  be to  in c rease  the d iv id e r  cu rren t  so as to  
be f a r  g r e a t e r  th a n  any peak p u ls e  c u r r e n t .  However, th e  much lo w er  
r e s i s ta n c e s  involved would lead  to  excessive c i r c u i t  hea ting , a source of 
n o is e  and f a t i g u e  even i f  th e  r e s i s t o r s  cou ld  d i s s i p a t e  th e  power. The 
s o l u t i o n  i s  to  p ro v id e  a c a p a c i t o r  a c r o s s  each o f th e  f i n a l  s t a g e s ,  as  
shown in  f ig u re  3.2,4, to  compensate fo r  f a s t  r i s in g  changes i n  in te r s ta g e  
p o t e n t i a l .  The d,c c h a in  c u r r e n t  c h a rg es  th e  c a p a c i t o r  w hich  i s  th e n  
p a r t i a l l y  discharged by the opposing charge pulse. The f in a l  s tage to  the 
anode i s  the  most c r i t i c a l  in  t h i s  re sp ec t  and i s  considered here ( f ig u re  
3 .2 ,4). I f  th e  s ig n a l  p u l s e ,  o f  ch arg e  would change th e  i n t e r s t a g e  
vo ltag e ,  V, by AV then the  c ap a c ito r  must have a value given by
C^j = Q ^ /  A V ,  ( A 3 . 1 2 . 1 )
The requ ired  l i n e a r i t y ,  as  a f r a c t io n ,  i s  expressed as
L = AV/V^, (A3.12.2)
Equations (A3.12.1) and (A3.12,2) a r e  combined to  g iv e
#
Cj = Qg/V^L, (A3.12.3)
where, more u se fu l ly ,  the  lower l i m i t  i s  s e t  by
Cd > «a max/?n mln^' <*3.12.A)
where i s  the  maximum l ik e ly  anode charge and i s  the  minimum
l ik e ly  f in a l  dynode to  e a r th  vo ltage . I f  V% i s  maximised then  the  l i n e a r i t y  
i s  preserved f o r  la rg e r  charge pulses. This i s  why h igher value r e s i s t o r s  
a re  used  to  p ro v id e  h ig h e r  v o l t a g e s  on th e  f i n a l  s t a g e s  o f h igh  c u r r e n t  
p u ls e  tu b e s .  The u pper  l i m i t  on th e s e  c a p a c i t o r s  i s  s e t  by th e  c h a rg in g  
t im e  o f th e  c a p a c i t o r  i n  r e l a t i o n  to  th e  s ig n a l  p u ls e  r e p e t i t i o n  r a t e ,  A 
c ap ac ito r  i s  re-charged v ia  the  d iv id e r  chain r e s i s t o r s ,  value R^, l in k in g  
i t  to  the  supply ( f ig u re  3.2,3)* The re -charg ing  t im e-co n s tah t must be l e s s  
th a n  th e  te m p o ra l  p u ls e  s e p a r a t i o n  so t h a t ,  i f  p u ls e  r e p e t i t i o n  r a t e  i s  
given by S then the  l i m i t  i s  given by
C^ j < 1/RpS. , (A3-12.5)
In  a p p ly in g  (A3,12.5) th e  u pper  l i m i t  on c a p a c i ta n c e  i s  q u ic k ly  d e f in e d  
s in c e  R^ i s  f ix e d  by th e  d i v i d e r  c i r c u i t  c o n f i g u r a t i o n ,  d e c id ed  upon by 
o th e r  c o n s i d e r a t i o n s .  The maximum l i k e l y  v a lu e  o f  S i s  ta k en .  E q u a tio n  
(A3.12.4) i s  used a f t e r  defin ing  capacitance  and minimum voltage  to  s e t  the  
l i m i t  on and hence th e  s i g n a l  i n t e n s i t y  f o r  a d e s i r e d  maximum
l in e a r i t y .  The allowed s ig n a l  le v e l  may or may not f a l l  w ith in  the  maximum 
s e t  by the  fa t ig u e  l im i t a t i o n ,  depending on the p a r t i c u la r  ap p lic a t io n .
Equations (A3*12,4) and (A3.12.5) apply to  the  f in a l  s tage  a t  the  anode and 
they a re  used to  s e t  the  f i n a l  s tage  cap ac ito r  value f i r s t .  The preceeding
s tages  can take lower capacitance  values  since the  s ig n a l  charge pulse i s  
w eaker. I f  th e  minimum s^^ s t a g e  c a p a c i ta n c e  i s  and th e  minimum
capacitance a t  the  preceding s tage  i s  then they are  r e la te d  by
t h e i r  r e l a t i v e  s t a g e  v o l t a g e s  and t h e  ( s ~ 1 )^ ^  s e c o n d a r y  e m i s s i o n  
c o e f f ic ie n t  to  give
^d (s - l)  min “ ^ds min^s''^s-1 min &s-1 (A3.12.6)
f o r  th e  same L and as  g iv e n  i n  (A3.12,4) and f o r  s i n  th e  range
given by
2 < 8 < n, (A3.12,7)
The secondary  e m is s io n  c o e f f i c i e n t  i s  g iv e n  by a form o f  e q u a t io n
(A3,1.1) as
&3_1 = A(Vg_^)® (A3.12.8)
w here A and B a re  s e t  by th e  p a r t i c u l a r  tu b e  i n  a method d e s c r ib e d  i n  
s e c t i o n  3.4,
Vs
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F ig u re  A3«1 Secondary e m is s io n  c o e f f i c i e n t  o f  a dynode a f t e r  th e  
a c c e le ra t in g  v o ltag e ,  Vg
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Figure A3«2 Cathode emission approximated to  a d e l ta  func tion
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Figure A3«3 Time dependent fu nc tions  involved in  p h o to m u lt ip l ie r  
d e te c t io n  o f  a Gaussian pulse
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FlgureAS»^ E f f e c t i v e  c u r r e n t s  i n  a c i r c u i t  used  i n  th e  a n a l y s i s  o f  
p ho to m u lt ip l ie r  r e s i s t i v e  vo ltage  d iv id e r  c i r c u i t  opera tion
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An exam ple (EMI) o f  th e  f i n a l  s t a g e  c o n f i g u r a t i o n  o f  a 
p h o t o m u l t i p l i e r  d i v i d e r  c i r c u i t  a p p l i e d  f o r  h igh  p u ls e  
cu rren t propagation and allowing v a r ia b le  ga in
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FigureA3.7 The n e g a t in g  e f f e c t  o f  a d e te c te d  p u ls e  c u r r e n t  on d iv i d e r  
c h a in  c u r r e n t ,  l e a d in g  to  v o l t a g e  drop  and g a in  and 
l i n e a r i t y  red u c tio n  i n  a pho tom ultip lie r
A5.1 Theory, of ^ the .Biréfringent. FI It e r
A b iré f r in g e n t  c r y s ta l  i s  o p t ic a l ly  a n iso tro p ic  and e x h ib i ts  two p r in c ip a l  
i n d i c e s  o f  r e f r a c t i o n ,  n^ and n^, a long  th e  f a s t  (o r d in a r y )  and slow  
(ex tra -o rd inary )  ax is ,  re sp ec t iv e ly .  I f  po la rized  l i g h t  of wavelength A i s  
t ra n sm it te d  through the c r y s ta l ,  i t s  e l e c t r i c  vec to r ,  E (see f ig u re  A5.1) 
i s  reso lved  in to  components along each ax is  so th a t  the  v e lo c i ty  along the 
f a s t  ax is  i s  given by
V|. 3 c /n ^  (A5,1,1)
and the v e lo c i ty  along the slow a x is  i s  given by
Vg = c /ng , (A5.1.2)
The r e s u l t  o f  pa ssag e  o f  r a d i a t i o n  th ro u g h  th e  c r y s t a l  i s  a phase 
d iffe ren ce  between the two ax is  components, described by the d if fe ren c e  in  
r e f r a c t iv e  in d ic e s ,  g iven as the  r e l a t i v e  r e ta rd a t io n
n  ^ 3 d /j ( n^ — n g ) /  \  o (A5*1,3)
I f  the  ra d ia t io n  now meets a p o la r iz e r ,  P^, a ligned  w ith  i t s  a x is  p a r a l l e l  
to  th e  p o l a r i z a t i o n  o f  th e  o r i g i n a l  i n c i d e n t  l i g h t  ( f i g u r e  A5.2) th e  two 
com ponents i n t e r f e r e .  The s p e c t r a l  t r a n s m i s s i o n  o f  t h i s  b i r é f r i n g e n t  
f i l t e r ,  b  ^ and p o la r iz e r ,  p  ^ combination i s  g iven by
T-j 3 cos^TV n  ^ (A 5 ,1 « 4 )
and t r a n s m i s s i o n  peaks o ccu r  when n^ i s  an i n t e g e r ,  t h e i r  s e p a r a t i o n  
i n c r e a s i n g  a s  c r y s t a l  t h i c k n e s s  i s  d e c rea se d .  The spec trum  i s  g iv e n  in  
f ig u re  A5.3(a). The tran sm iss io n  minima reach zero  i f  the  angle between the  
i n c i d e n t  E -v e c to r  and th e  f a s t  a x i s  i s  45*^  ( f i g u r e  A5*2), a c r i t e r i o n  f o r  
good design. I f  a th ic k e r  b i r é f r in g e n t  element, bg, i s  made w ith  the  next 
in te g e r  of r e l a t i v e  r e ta r d a t io n  to  the  f i r s t ,  then the  tran sm iss io n  through 
a p o la r iz e r ,  Pg i s  g iven by
Tg = 003^2 It n.j ( A 5 . 1 . 5 )
which i s  shown in  f ig u re  A5,3(b). The re s u l t in g  tran sm iss io n  of the p a i r  i s  
given in  f ig u re  A5«3(c), showing the narrowing of each passband, A fu r th e r ,  
t h i c k e r  e le m e n t ,  bg, to  sh a rp e n  th e  peaks , would have a t r a n s m i s s i o n  
through a p o la r iz e r ,  Pg, g iven by
Tg = oos^Ann-j ( A 5 , 1 , 6 )
and i s  shown in  f ig u re  A5,3(d), The eventual t ransm iss ion  spectrum of the 
c o m b in a t io n  o f  pQb^p^bgPgbgPg i l l u s t r a t e d  i n  f i g u r e  A5.4 i s  g iv e n  by 
e q u a t io n s  (A5.1.4), (A5.1.5) and (A5.1.6) as
T s cos^n  n-j ,cos^2TCn^ ,003^4 7Tn-| (A5,1*7)
i s  shown i n  f i g u r e  A5«3(e)« G e n e r a l ly ,  i f  t h e r e  a r e  M b,p e le m e n ts ,  th e  
r e s u l ta n t  tran sm iss io n  spectrum i s  given by
T = cos^Crc n-j ) eOos^(2K n-| ) , .  o . . .  e . .  0 . oCos^(2^^'“  ^n  n  ^) ,  ( A 5 . 1 . 8 )
where i s  g iv e n  by (A5*U3) and d^ i s  th e  t h i c k n e s s  o f  th e  t h i n n e s t  
element. The passband sep a ra t io n  i s  determined by the  th in n e s t  element and 
th e  passband  w id th  by th e  t h i c k e s t  e lem en t.  The t h ic k n e s s  o f  th e  
element i s  given by
df^  = (A5,1o9)
F i l t e r  tu n a b i l i ty  can be achieved by in s e r t in g  a quarter-wave r e ta rd e r  
(V4) between the b i ré f r in g e n t  element and p o la r iz e r  of each s tage  (f igu re  
A5.5) to  change th e  r e l a t i v e  r e t a r d a t i o n  (Evans, 1949)* Thus, th e  phase  
d iffe ren ce  a f t e r  each b i ré f r in g e n t  element i s  changed by angle, between 
th e  a x i s  o f  th e  q u a r te r -w a v e  p l a t e  and th e  a x i s  o f  th e  im m e d ia te ly  
fo llow ing p o la r iz e r .  Each re sp ec t iv e  angle i s  given by
(A5.1.10)
Where i s  the angle between the axes of p^  and the preceeding quarter- 
wave p late. The general transm ission spectrum of A5.1.8 now becomes
T = cos^(7rn^ -  ) ,cos^(2rrn^ -  2/?|) , , , , , ,c o s^ ( 2^ ”^ Vn^ -  2^ “^ ^ /^ ) ,  (A5»1,11)
A5.2 Bandwidth_and_Separation  of B irefringent_F ilte_r ■■Transmission .Peaks
The minimum pass bandwidth of the  complete sim ple b i ré f r in g e n t  f i l t e r  i s  
given by the  th ic k e s t  b i r é f r in g e n t  element having a transm iss ion  func tion  
a c c o rd in g  to  th e  f i n a l  component o f  e q u a t io n  A5*1*10 and drawn i n  f i g u r e  
A5.3(d), The bandw id th  i s  e x p re s s e d  a s  h a l f  th e  peak s e p a r a t i o n  o f  th e
characteristic shown in A5*3(d) giving the expression
-  A g)/^ , (A 5 .2 .1 )
Using equation (A5.1.3) w ith  the  f i n a l  component of equation (A5,1,11), the 
peaks occur when the tran sm iss io n  fu n c tio n  s a t i s f i e s  the  requirement
d ^ ( n ^ -  ng)/X -  = 0 ,71  , 2n , 3tVs 47V e t c ,  (A5-2.2)
Equation (A5,2,2) i s  repeated  f o r  ad jacen t wavelength peaks a t  and Ag * 
separa ted  in  phase by tt , Thus,„ the  wavelength d if fe ren ce  i s  given as
-  Ag = A, A g/(2"-^(l. ,(n^  -  tig)), (A 5 .2 .3 )
which i s  used w ith  equation (A5.2.1) to  give minimum bandwidth as
a A-j^/(2^^d<j(n|* — Ug) 2 X<|), (A5#2,4a)
which can be re -expressed  as
2^ a ( » 2 X , ) /d , ( n f  -  ng) (A5.2.4b)
to  give the  number of elements requ ired  fo r  a given bandwidth.
Passband sep a ra t io n  i s  given by the  th in n e s t  element of the  f i l t e r ,  using 
th e  t r a n s m i s s i o n  c h a r a c t e r i s t i c  o f  th e  f i r s t  component o f  e q u a t io n  
(A5.1.11), The c h a r a c t e r i s t i c  i s  drawn i n  f i g u r e  A5.3(a) showing peaks  a t  
wavelengths Xg and Xy« Thus the peak sep a ra t io n  i s  given by
AX = Xa “ V  (A5.2.5)
These passband peaks occur when the  transm iss ion  fu n c tio n  contained w ith in  
equation (AS.I.II) s a t i s f i e s  the  requirement
Tfd^CUf. -  ng)/X -  = 0, 7t p 2n  , Stt , 4n  e t c ,  (A5.2.6)
When (A5.2.6) i s  a p p l i e d  f o r  a d ja c e n t  peaks a t  and Aj ,^ th e n  e q u a t io n  
(A5.2.5) becomes
A X  =  A a ^ / ( d , ( n j .  -  n g )  +  X g ) ,  (A5.2.7a)
which can be re -expressed  as
d ,  =  (  X g ^ / A X  -  X g ) / ( n j .  -  Hg) (A5.2.7b)
to  g iv e  th e  w id th  r e q u i r e m e n t  on th e  t h i n n e s t  p l a t e ,  g iv e n  th e  passband
sep a ra t io n ,
A5.3 TunlnÆ the,-_Simp.le B irefringe .n t_F lIte ii
The transm iss ion  spectrum of the  f i l t e r  i s  described by equation (A5 . I 0II ) ,  
T unab ility  i s  obtained by varying the  angle between the  u n i ts .  The r e l a t i v e  
angular ro ta t io n  between each re sp ec tiv e  u n i t  of elements i s  r e la te d  to  the 
corresponding wavelength s h i f t  i n  the  following a n a ly s is .
A5.3(a) lu n inf?L_BetvLeen-Wavelengths
The f i r s t  terra o f  e q u a t io n  (A5.1.11) d e f in e s  th e  passband  s e p a r a t i o n  and 
th e  f i n a l  te rm  d e f in e s  th e  passband  w id th .  E q u a tio n  (A5,2.2) g iv e s  th e
cond ition  fo r  tran sm iss io n  a t  wavelengths X as the  argument of the  f in a l  
Gos^ term of equation (A5,1,11), given in  the express ion
2^‘"'*7Vd^(nf -  ng)/X -  2^^""'/) )^  ^ 0, n 9 ,e t o .  (A 5.3 .1)
The w a v e le n g th s  o f  th e  p assb an d s  a r e  to  be s h i f t e d  by changing  th e  a n g le
b e tifeen  th e  f i r s t  two u n i t s  from />  ^ to  o r ,  more g e n e r a l l y ,  by
t* hchanging  th e  a n g le  be tw een  th e  M q u a r te r -w a v e  p l a t e  and th e  fo l l o w in g  
p o la r iz e r  to  give the  re sp ec t iv e  ang les , given by
Py^ 3 ) rad ia n s ,  (A5.3.2)
where p ^  i s  th e  a n g le  r e q u i r e d  to  s e t  a t r a n s m i s s i o n  peak a t  w a v e len g th  
Xg* The f i r s t  u n i t  re m a in s  f i x e d  i n  r e l a t i o n  to  th e  o p t i c a l  a x i s .  The 
wavelength changes are  such th a t  the  argument of the  cos^ terra in  (A5,1.11) 
( i e ,  th e  r i g h t - h a n d  s id e  o f  e q u a t io n  (A5.3*1)) re m a in s  c o n s ta n t .  Thus, 
a c c o rd in g  to  (A5.3«1)» i f  th e  a n g le  i s  in c r e a s e d ,  th e  w av e len g th  peak 
v a lu e s  a re  d e c re a se d .  An i n c r e a s e  i n  a n g le  p  , a c c o rd in g  to  e q u a t io n  
(A5.3.2), w i l l  red u ce  a peak w av e len g th  a t  to  a peak a t  ^  , e x p re s se d  
as a wavelength s h i f t  in
= V  ■ (A 5.3 .3 )
with the  in e q u a l i ty
< Xa« (A5.3.4)
The cond ition  fo r  tran sm iss io n  maxima, equation (A5*3*1)j i s  applied  fo r  an 
o r i g i n a l  w av e len g th  peak a t  X^ and i s  r e p e a te d  f o r  a new w av e len g th
peak,at )y, « The expressions are equated to give
7id^(n^ “ Hg)/ Xg -  /7g 3 TTd-jCUf -  ng)/)y  -  ( ) » (A5.3.5)
Equation (A5«3*5) becomes
- ITd^( n^ — Sg)( Xg ™ ) / (  ) j (A5®3o6)
allow ing the  angle change, A p  , to  be determined fo r  a d es ired  wavelength 
s h i f t ,  A)y, g independent of the  o r ig in a l  angle, s e t  fo r  tuning to Xg. 
The a n a l y s i s  can be f o l lo w e d ,  e q u i v a l e n t l y ,  from th e  f i r s t  te rm  o f  th e  
t r a n s m is s io n  e q u a t io n .  E q u a t io n  (A5.3*6) can  be e x p re s se d  g e n e r a l l y  i n  
terms of the wavelength s h i f t  and the o r ig in a l  wavelength, fo r  a l l  ang les , 
using (A5o3*2), as
^ A l  = 2” - V d i < n f  ~ ng)AX^ /  (A5.3.7)
The angular p o s i t io n  about the  ins trum en t a x is ,  fo r  the M*'” p o la r iz e r  ax is  
( s e e  f i g u r e  A5,5, p^) i s  g iv e n  by th e  sum o f  th e  r e l a t i v e  r o t a t i o n s ,  up to  
and includ ing  the  u n i t s ,  i n
= / a  - 4 ° ) '  (A5.3.8)
defined by the angular se tting ,yO g, requ ired  to  tune to  wavelength Ag and 
by the fu r th e r  ro ta t io n ,  A p  , d e s ired  to  tune from Xg to wavelength .
A5.3(b) lJinâl3lg^ t^P_aL.iSPAQÂfAbJii^^^
The a n g le  p ^^ 9 a l lo w in g  t r a n s m i s s i o n  o f  w av e len g th  X, i s  d e f in e d  by the  
f i r s t  term of equation (A5,1«11), where the argument s a t i s f i e s  the in te g e r
condition given by (A5.2.6) as
n 3 dij(n^ — Ug)/X — * (A5.3«9)
The i n t e g e r ,  n, i s  c a l c u l a t e d  f o r  th e  t r a n s m i s s i o n  peak n e a r e s t  to  th e  
w av e len g th  Xg, a l lo w in g  m in im al a n g u la r  s h i f t  to  tu n e  to  The v a lu e
f o r  Xg i s  i n s e r t e d  i n t o  (A5.3.9), s e t t i n g  « O, and th e  i n t e g e r  v a lu e
i s  t a k e n  t o  g i v e  n. The a n g u l a r  s e t t i n g  r e q u i r e d  t o  tu n e  t o  Xg, 
m ain ta in ing  the in te g e r  requirem ent, i s  given by equation (A5.3.9), app lied  
a t  Xg. Thus, th e  a n g le  yOg, by (A5o3<9) ( = yOg), i s  used  i n  e q u a t io n
( A5.3.2) ( s e t t i n g  A p  = 0) to  c a l c u l a t e  th e  r e s p e c t i v e  a n g le s  be tw een  th e  
u n i t s  of the  b i ré f r in g e n t  f i l t e r ,  given as
= 2^ ”^ ^ (n d ^ (n ^  -  n g ) /  X g )  -  tv  . in te g e r  value o f  2^ '^”Ud^(n|> -  U g ) /  Xg)
(A5.3.10)
E q u a tio n  (A5.3«10) can be used  to  d e f in e  th e  a n g le s  be tw een  th e  q u a r t e r -  
wave p la te  and the  re sp ec t iv e  fo llow ing  p o la r iz e r s ,  necessary fo r  tuning to 
a d e s i r e d  w av e len g th .  T h is  p e r m i t s  v a r i a t i o n  o f  th e  phase a n g le  (n7T ). 
However, f o r  tu n in g  o v e r  a s h o r t e r  w av e len g th  p e r io d ,  from a s e t  
w av e le n g th ,  i t  i s  more c o n v e n ie n t  to  use  th e  same t r a n s m i s s i o n  peak, 
raaintaing a constant phase angle (n ix). The c a lc u la t io n s  fo r  constan t phase 
wavelength s h i f t in g  a re  given in  A5.3(a),
Figure A5.1 The f a s t  (ord inary), F, and the  slow (ex tra -o rd in a ry ) ,  S, 
axes of a b i ré f r in g e n t  c r y s ta l ,  inc lud ing  the 
po larized  l i g h t  v ec to r ,  E.




















Figure A5,4 A simple, 3 u n i t ,  b i ré f r in g e n t  f i l t e r ,
/
p. b, A/4 P, b, A/4 p^  bg A/4 P3
J  L
1s f  2nd 3rd
Figure A5«5 A simple, 3 u n i t ,  tunable b i ré f r in g e n t  f i l t e r ,
Appendix f er Chapter 6.
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data  "port okay'
data  "port f a l l  a t"
p o r t  t e s t  and
keyboard t e s t  a t a r i
da ta  "when t e a t  complete 
preaa re tu rn "
keyboard t e s t  end
p r in t e r  t e s t  s t a r t
%
p r in t e r  t e s t  end
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data "RESET press any key'
data "ON LINE press any key'
A35C 0 0 BRKA35D 00 BRKA35E 0 9 BRKA 35F 0 0 BRKA360 0 0 BRKA361 0 0 BRKA 3 6 2 0 0 BRKA 3 6 3 0 0 BRKA364 0 0 BRKA 3 6 5 0 0 BRKA 3 6 6 0 0 BRKA367 2 0 E6 FF JS R CFFE6A36A C9 OD CMP @EQDA36C FO 12 BEQ E + E 1 4A36E A9 0 0 LDA @£00A37Ô 8 0 0 0 B8 STA £ B 8 0 0A373 A9 10 LDA 8 £ 1 0A 3 7 5 8 0 0 0 B8 STA £ 8 8 0 0A378 A9 0 0 LDA @£00A37A 8 0 0 0 B3 STA £ 8 8 0 0A37D 4C 6 7 A3 JMP P - £ 0 O 1 6A 3 3 6 A2 0 0 LDX @£00A3B2 BD 8F A3 LDA £ A 3 B F ,XA3B5 2 0 F4 FF J S R £ F F F 4A 3 8 8 E8 INXA 3 8 9 C9 00 CllP @£00A38B DO F 5 BUE E - £ 0 9A38D FO 2A BEQ E +£2CA3BF OA* ASL AA 3 9 0 OD 6 6 6 9 DRA £ 6 9 6 6A 3 9 3 6C 74 6 5 JH P ( £ 6 5 7 4 )A 3 9 6 72 ? ? ?A 3 9 7 2 0 54 4F JS R £ 4 F 5 4A39A 20 4 5 4E JS R £ 4 E 4 5A39D 4 4 999A39E 2 0 5 0 5 2 J S R £ 5 2 5 0A3A1 4 5 5 3 EOR £ 5 3A3A3 5 3 997A3A4 2 0 5 3 48 JBR £ 4 8 5 3A3A7 49 4 6 EOR @£46A3A9 54 ? ? ?A3AA OA ASL AA3AB OD 0 0 0 0 ORA £ 0 0 0 0A3AE 0 0 BRKA3AF 0 0 BRKA3B0 0 0 BRKA3BI 0 0 BRKA-3B2 0 0 BRKA3B3 0 0 BRKA3B4 0 0 BRKA3B5 0 0 BRKA3B6 0 0 BRKA3B7 0 0 BRKA3B8 0 0 BRKA3B9 AD 01 DO LDA L B001A3BC C9 7F CllP @£7FA3BE FO 51 BEQ E + £ 5 3A3C0 AD 0 0 B8 LDA fBBOOA3G3 2 9 8 0 AND @£80A3C5 DO 2 5 BNE E f £ 2 7A3C7 A9 2 0 LDA @£20A3C9 2 0 F4 FF J S R £ F F F 4A3CC A9 49 LDA @£49A3CE 2 0 F4 FF JS R £ F F F 4A3DI A9 4E LDA @£4EA3D3 20 F4 FF JS R £ F F F 4A3D6 A9 2 0 LDA @£20A3D8 2 0 F4 FF J S R £ F F F 4  /A3DB A9 0 8 LDA @£0BA3DD 2 0 F4 FF JS R £ F F F 4A3E0 2 0 F4 FF JS R £ F F F 4A3E3 20 F4 FF JS R £ F F F 4A3E6 2 0 F4 FF JS R I F F F 4A3E9 4C B9 A3 JH P P - C O 0 3 0A3EC A9 2 0 LDA @£20A3EE 2 0 F4 FF J S R £ F F F 4A3F1 A9 4F LDA @£4FA3F3 2 0 F4 FF JS R EFFF 4A3F6 A9 5 5 LDA @£55A3F8 2 0 F4 FF JS R £ F F F 4A3FB A9 54 LDA @£54A3FD 2 0 F4 FF JS R EFFF4A 4 00 A9 0 8 LDA @£08
data "FILTER to and press shift'
f i102 2 0 F4 FF JSR L FFF 4A4 0 5 2 0 F 4 FF J S R £ F F F 4A 4 0 a 2 0 F4 FF J S R £ F F F 4A4CB 2 0 F4 FF J S R £ F F F 4A40E 4C B? A3 JHP P - C O 0 5 5A411 A5 8 0 IDA £ 0 0A 4 1 3 BD 0 8 02 STA £ 0 2 0 9A 4 1 6 A9 0 0 LDA @£00A4 ( 8 8D 0 0 B8 STA £ 8 8 0 0A41B A9 2 0 LDA @£20A41B BD 0 0 B3 S ÎA £8800A 4 2 0 4C 00 AO JH P P - £ 0 4 2 0A4 23 FF ? ? ?A424 FF 9 9 7A 4 2 5 FF ? ? ?A 4 2 6 FF ? ? ?A 427 FF 9 9 7A42B FF ? ? ?A 4 2 ? FF ? ? ?A42A FF 9 7 ?A42B FF 7 7 7A42C FF 7 7 7A42D FF ? ? ?A42E FF 7 9 ?A42F FF ? ? ?A 4 3 0 OC 7 9 7A431 CA ÂSL AA 4 3 2 OA ASL AA 4 3 3 OA ASL AA 434 OA ASL AA135 5 0 48 BVC P t £ 4 AA 437 5 9 5 3 4 9 EOR £ 4 9 5 3 , YA43A 4 3 ? ? ?A4 38 5 3 9 7 7A43C 2 0 44 4 5 J S R £ 4 5 4 4A43F 5 0 41 BVC E + £ 4 3A441 5 2 ? ? ?A442 5 4 ? ? ?A4 4 3 4D 4 5 4E EOR £ 4 E 4 5A446 5 4 7 9 7A4 4 7 2 0 0A 0D j S R £0D0AA44A 5 5 4E EOR £ 4 E , XA44C 4 9 5 6 EOR @£56A44E 4 5 52 EOR £ 5 2A45G 5 3 ? ? ?A451 4 9 54 EOR @£54A 4 5 3 5 9 2 0 4F EOR £ 4 F 2 0 , YA 456 46 2 0 LSR £ 2 0A45B 53 ? ? ?A4 5 9 5 4 7 7 7A45A 2_E 41 4E RÔL £4E4|A45D 44 ? ? ?A45E 5 2 7 7 ?A45F 4 5 5 7 ÊÔR £ 5 7A461 5 3 ? ? ?A 1 6 2 2 0 0A OD J S R £OD0AA4 6 5 4 5 4C EOR £4CA 467 4 5 43 EOR £ 4 3A 4 6 9 54 ? ? ?A46A 5 2 ? ? ?A46B 4F ? ? ?A46C 4E 49 43 LSR £ 4 3 4 9A46F 5 3 ? ? ?A4 70 2 0 5 7 4F JS R £ 4 F 5 7A 4 7 3 5 2 97 9A474 40 ? ? ?A4 7 5 5 3 7 7 7A 4 7 6 48 piiÀA477 4F ? ? ?A4 7 8 5 0 OA BVC £ + £ 0 CA47A 0D 2 0 2 0 ORA £ 2 0 2 0A47D 2 0 2 0 2 0 JS R £ 2 0 2 0A40O 28 PLPA481 4 3 7 7 7A4 8 2 2 9 20 ÀNÎ) @£20A4B4 31 3 9 AND ( £ 3 9 ) , YA4 8 6 3 8 SECA 4 8 7 3 3 ? ? ?A48B OA ASL AA 4 8 ? OA ASL AA4BA 0 8 0 0 FF ORA £ F F 0 0  .A4BD FF ? ? ?A4BE FF ? ? ?A 48F FF 7 7 ?
interface test end
error key data
A6,1(b) DIAL Data Acquisition Program (in maGhlne_G&d&l
m s in g le  runs start________  ,
printer mark 4/
printer on mark C80 
printer off mark £04
set up VIA port DDR-A
set up VIA port DDR-B
reset interface
set up interface routine start address 
(A510)
output message "type run”
select ROM BASIC program start address 
(A70Q)
return to BASIC 
data characters
A 4 9 0 18 CLCA 4 9 ( AD 0 8 0 2 LDA £ 0 2 0 8A 494 8 5 8 2 S I A £ 8 2A 4 9 6 6 9 0 3 AOC @£03A49B 8 5 8 4 STA £ 8 4A49A EA MOPA49B A9 0 0 LDA @£00 :A49D 8 0 0 3 B8 STA £ 8 8 0 3  :A4A0 A9 7 0 IDA @£70 :A4A2 8 0 0 2 B8 STA £ 0 8 0 2  :A4A5 A9 2 0 IDA @£20 ;A4A7 81) 0 0 B8 STA £ 8 8 0 0  ;A4AA A9 10 LDA @£10 'A4AC 8 0 04 0 2 STA £ 0 2 0 4  iA4AF A9 A5 LDA @£A5A4B1 8 0 0 5 0 2 STA £ 0 2 0 5  fA4B4 A2 0 0 LDX @£00A4B6 BO C6 A4 LDA £A 4 C 6 ,XA4B? 2 0 F4 FF J S R £ F F F 4A4BC E8 INXA4PD C9 0 0 ClIP @£00A4BF DO F 5 BUE E - £ 0 9  yA4CI A9 A7 LDA @£A7A4C3 8 5 12 STA £ 1 2A4C5 6 0 RTSA4C6 0 8 PHPA4C7 5 4A4CB 5 9 5 0 4 5 ÈÔR £ 4 5 5 0 , YA4CB 2 0 5 2 5 5 J S R £ 5 5 5 2 'A4CE 4E 2 0 0 0 LBR £ 0 0 2 0A4D1 FF ? ? ?A4D2 FF ? ? ?A4D3 FF 9 9 9A4D4 FF ? ? ?A4D5 F F ? ? ?A4D6 FF ? ?? •A4D7 FF ? ? ?A4D8 FF 9 9 ?A4D9 FF 9 7 9A4DA A9 0 0 LDÀ @£00 'A4DC BD 0 3 B8 STA £ 8 8 0 3  .A4DF A5 84 LDA £ 8 4  ]A4E1 8 0 0 8 0 2 STA £ 0 2 0 8  :A4E4 A9 0 0 LDA @£00 1A4E6 8 5 81 STA £ 8 1  )A4E8 A9 10 LDA @£10 )A4EA 8 0 0 0 BB STA £ 8 8 0 0  )A4ED A9 Al LDA @£A1 )A4EF 8 5 8 3 STA £ 8 3  /A4F1 18 CLCA4F2 A5 8 3 LDA £ 8 3  \A 4F4 8 0 OC 8 0 STA £80OC )A 4F ? A5 81 LDA £ 8 1  ]A4F9 G5 8 0 CMP £ 8 0  )A4FB 0 0 F 5 ONE E - £ Ô 9A4FD A5 8 2 LDA £ 8 2A4FF 8 0 0 8 02 STA £ 0 2 0 8A 5 0 2 A9 10 LDA @£10A5Ô4 8 0 0 0 BB STA £ 8 8 0 0A507 A9 0 0 LDA @£00A 5 9 9 BD 0 0 B8 STA £ 0 8 0 0A50C 6 0 RTSA5ÔD FF 9 9 9A50E FF ? ? ?A5ÛF FF 9 7 9A 5 1 0 0 8 PHPA511 7 8 S E l ;A 5 1 2 A9 8 0 LDA @£80 )A 514 2 0 0 0 6 8 AND £B80OA 517 0 0 4 7 DUE E + £ 4 9  /A 5 I 9 E6 8 3 INC £ 8 3A51B E6 81 INC £ 8 1A51D A6 81 LDX £ 8 1A 51F AD 01 B8 LDA £ 0 8 0 1A 5 2 2 9 0 0 0 9 0 STA £ 9 0 0 0 , XA 525 A? OF LDA @£0F ■A 5 2 7 2 0 0 0 B8 AND £B8O0A52A 9 0 0 0 91 STA £ 9 1 0 0 , XA52D A9 4 0 LDA @£40 ■A 52F 8 0 0 0 B8 STA £ 8 9 0 0  /
re-program ODR-A as outputs (printer 
and interface ports) 
remove printer 
clear run count
turn interface ON LINE
reset screen cursor character
update cursor
test for completed sample runs
branch to A4F2 
connect printer
turn interface OFF LINE 
set port B to zero
return to BASIC
initialise and turn off interrupts
test if filter is in or out 
if it is out go to A560 
increment cursor character 
increment run count
store upper eight data bits (12 bit)) 
mark ( B  return
store lower four data bits )
change sample and convert now data
A 5 3 2A 5 3 3A 5 3 4A 5 3 5A 5 3 6A 537A 5 3 8A 5 3 ?A53AA53BA53CA53DA53EA53FA 5 4 0A541A 5 4 2A 5 4 3A5 4 4A546A 5 4 9A54CA 5 4 FA551A 554A 557ASS?A55CA55DA55EA55FA 5 6 0A562A564A 5 6 6A 5 6 9A56CA56EA571A 5 7 4A5 7 6A 5 7 9A57AA57BA57CA57DA57EA57FA 5 8 8A581A5B2A 5 8 3A 584A 5 0 5A586A 587A5 8 8A 5 8 9A58AA5BBA58DA 5 9 0
A 5 9 3A 5 9 6A598A59BA59EA5A0A5A3A5A5A5A8ASA?A5AAA5ABA5AC
EAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAA? 2 0  8D 00 88 AD 01 B8 9 0  0 0  92  A9 OF 2D 0 0  B8 9D 0 0  9 3  A? 00  BD 0 0  BB 2 8  68 4 0  FFA6 81F 0  3AC6 8 3AD 01 BS9D 0 0  94A9 OF2D 0 0  B89D 0 0  9 5A? 4 0BD 0 0  8 8EAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAEAA9 2 0  BD 0 0  88  AD 01  8 8  9D 0 0  96  A9 OF 2D 0 0  8 8  9D 0 0  97  A? 2 0  BD 0 0  8 8  A9 0 0  BD 0 0  8 8  2 8  68 4 0  FF FF
NOPNOPNOPNOPNOPNOPNOPNOPNOPNOPNOPNOPNOPNOPHOP
NOP LDA @£20 \ BFA £ 8 8 0 0  \  LDA £ 8 8 0 1  \STA £ 9 2 0 0 , X )  LDA @£0F ^AND £ 8 8 0 0  \STA £ 9 3 0 0 ,  x ;  LDA @£00 i  STA £ 8 8 0 0  J PLP \FLA fATI /
9 7 9
LDX £ 8 1  \BEQ E + £ 3 C  ) DEC £ 8 3  LDA £ 8 8 0 1  I  STA £ 9 4 0 0 , X 7 LDA @£0F AND £ 8 8 0 0  )  STA £ 9 5 0 0 , X ) LDA @£40 1STA £ 8 8 0 0  )NOP \MOP \HOP NOP NOP NOP HOP NOP NOP NOP NOP NOP NOP NOP NOP NOP NOP NOP LDA @£20 I STA £ 8 8 0 0  ) LDA £ 8 8 0 1  \  
STA £ 9 6 0 0 , X/ LDA 6 £ 0 F  ,AND £ 8 8 0 0  )  STA £ 9 7 0 0 ,  X )  LDA @£20 ■ 1 STA £ 8 8 0 0  ;  LDA @£00 I STA £ 8 8 0 0  f PLP PLA R T l  
???
7 9 ?
36 jjm delay @ 02 => 1 MHz
reset interface
store upper eight data bits (12 bit)) 
mark laser
store lower four data bits /
set port to zero
return from interrupt (switch on interrupts, 
load old value of accumulator and load old 
value of status register)
test runs to synchronise start (if zero, ATI (A59E)
decrement cursor character 
store upper eight data bits (12 bit))
mark  ^ return
store lower four data bits
change sample and convert new data
36 jdB delay (i 02 ® 1 MHz
reset interface
store upper eight data bits (12 bit)'
mark \
store lower four data bits >
reset Interface
set port to zero
return from interrupt (as at A55C)
laser
A5FFA 6 0 0 FF0 3
9 7 7
9 9 7
A601 0 6 0C A5L £0CA&03 4G 4 9 44 JHP £ 4 4 4 9A6 0 6 41 5 2 EOR ( £ 5 2 , XIA 6 0 8 2 0 4F 5 3 J S R £ 5 5 4 FA60B 2E 2 0 5 6 ROL £ 5 6 2 0A60E 3 2 7 7 7A60F 2E 3 9 0D RÔL £ 0 D 3 9A 6 I 2 OA ASL AA613 0A ASL AA 6 H 0A ASL AA 6 I 5 31 2 0 AND ( £ 2 0 ) , YA 6 1 7 3 0 4F BVC £ + £ 5 1A 619 5 2 ? ? ?A 6IA 5 4 7 7 7A61B 20 5 4 4 5 j S R £ 4 5 5 4A â i E 5 3 ? ? ?A61F 54 ? ? ?A620 2 0 0 0 0A JS R £0A0DA 6 2 3 3 2 7 7 7A624 2 0 4B 45 j S R £ 4 5 4 BA627 5 9 4 2 4F EOR £ 4 F 4 2 , YA62A 41 5 2 EOR ( £ 5 2 , X)A62C 44 ? ? ?A52D 2 0 54 4 5 J S R £ 4 5 5 4A 6 3 0 5 3 ? ? ?A 6 3 I 5 4 ? ? ?A 6 3 2 2 0 0D 0A JS R £0A0DA 6 3 5 3 3 ? ? ?A 6 3 6 2 0 5 0 5 2 J S R £ 5 2 5 0A 639 4 9 4E EOR @£4EA63B 54 7 7 7A63C 4 5 5 2 ÈÔR £ 5 2A63E 2 0 5 4 4 5 J S R £ 4 5 5 4A641 5 3 ? ? ?A 6 4 2 5 4 ? ? ?A 643 2 0 0D 0A J S R £0AODA 6 4 6 34 7 7 ?A 6 4 7 2 0 4D 4 5 JS R £ 4 5 4 DA64A 4D 4F 5 2 EOR £ 5 2 4 FA64D 5 9 2 0 5 4 EOR £ 5 4 2 0 , YA 6 5 0 4 5 5 3 EOR £ 5 3A 6 5 2 5 4 ? ? ?A 6 5 3 2 0 0 0 OA J S R £OA0DA656 3 5 2 0 AND £ 2 0 , XA 6 5 8 4 9 4E EOR @£4ÉA65A 5 4 7 7 7A65B 4 5 5 2 ÈÔR £ 5 2A65B 4 6 41 LSR £ 4 1A 65F 4 3 9 9 7A660 4 5 2 0 ÈÔR £ 2 0A 6 6 2 5 4 7 9 7A 663 4 5 5 3 ÈÔR £ 5 3A 6 6 5 5 4 7 7 7A 6 6 6 2 0 0D 0A JS R EÔAÔDA 669 3 6 2 0 ROL £ 2 0 . XA66B 4D 20 5 3 EOR £ 5 3 2 0A66E 41 4D EOR ( £ 4 D , X )A 670 5 0 4C BVC £ + £ 4 EA 6 7 2 4 5 2 0 EOR £ 2 0A 674 5 2 ? ? ?A675 5 5 4E EOR £ 4 E , XA 6 7 7 5 3 7 9 7A 6 7 8 20 0D OA J S R £0A0DA57B 4 5 4E EOR £4EA67D 54 7 7 7A67E 4 5 5 2 ÈÔR £ 5 2A 6 8 0 2 0 31 2 0 J S R £ 2 0 3 1A 6 8 3 5 4 ? ? ?A 684 4F ? ? ?A685 2 0 3 6 0D J S R £ 0 D 3 6A688 0A ASL AA689 0 0 BRKA60A FF ? ? ?A68B FF ? ? ?
: « ti
A6E 7 FF ? ? ?
m e n u  d a t a
A6E 8 F F 7 7 9
A6o2 DIAL_,Analy3l3_Prograia (in BASIC)
2P.$2''"XeCl Laser DIAL"'; GOB.m/| %, X:=015 %0=27. 5H X 0 •’-24 5 %W= 1B. 5# 10••'-24 ; %K«. B 9 %L«2 « 36 9 %S= « 356%T=32* .1.0 • 9 3 %F«335* 10’--12 9 %C=2. 99* 10 " 8 9 R-1008%Y^7.24K10''18; %Z«9.657*10~249%V=1. 4S*10''199 %U=.034 10T-=2B39P«I0139G. 14 12P « " An a 1 y si s Re-r un " *' '14P ."BIELECT REQUIRED MODE" "16P. "0 Integrated Cane.'"'"I Range Resolved Cone. " 9  IN-X 1BIFX>1TIIET(0. 14 201FX«-01I IENGOB. i 22IFX=lTHENG0B.r26:iP, "Integrated Cone-"'9 IN. "ENTER LIDAR RANGE <m)""D 281303 - c ; GOB. e 9 GOB - p 9 80S. j ï %G-%R30%H« (-T/ (7.V* (7.0 •*/.W) HPXD) ) MLOGABB ( (7.D-7.R) /  < (7.R-7.A) #%E) ) 32FP,. "Sul phur dlojîlde cone - of " ' %H" ppm" "34P . "aVer a«:ied over ranqe" D " metr es" ' " 9 (3« 12 38rP."Range Resolved Cone."'9 GOB.c9 BOB.p9Y^09N = i*Z«2 40IN."IB THE AMBIENT CONC. RATIO KNOWN? Y or N"Z 42IFZ-0THENG.4644 F IN. " EM 1ER H  IE AMD I ENT CONC. " %N 9 GOB. a 46FP. " Amb 1 en t r et ur n r a t i o Is " " 7.0 • 9 BOB. s 9 BOB. j 4B%M=L0GABB < (7.B-7.R) / <7.R-7.A) ) -LOOABB ( (%B-%G) / (%G-%A) > S0%N=(-T/<%Y*P*%C*(%T+PI*R*%F)*(%O-%W)))#%M 52FP. " Bli 1 pl iur d 1 ox 1 de eonc. of " ' 7.N " ppm " '54FP."ln minimum range element "'XI)” metres"”56P."at a range of "”D " metres"””9G-12 60aIIM. "EMTER TARGET RANGE On) "D;%M^-%VKP*%H*D/T 62%G^<%A#%EMEXP(%M*%0) +%B*EXP (7.MH-7.W) )647.0-7.0/ (7.EKEXP (7.0*70) fEXP < 7M*7W) ) 9 R,6BcFP. "Cel I P/T ratio"” %B”9FIN. "ENTER CELL P/T RATI0"7.B 70FP."No. of Eslncjie passes" ” 7.L”•/2FP. "Cell attenuation factor" ”7K” ■74%A=%K*EXP(-%Z*%L*%0*%X*%9)9%B=%K*EXP(-%Z#%LN%W*%X*%9)9R.G0pP. "Pressure"P" mb ar " ” 9 P. " Temper a t ur e " 'I " oK"”82ÏN. "ENTER PREBBI.JRE"P9 IN. "ENTER TEMPERATURE"T9 Y-09 N=^ l 9 Z'=2 G4IN»"Is pressure/height compensation required? Y or N"Z G61FZ=1TNEN0,9000 1N. " EN 1 ER THE L 1DAR ANGLE " A 9 7l t:%:P 89%M=%M*EXP(-7UKD*(BIN(A*PI/100))/T)9P=%M 90R.I 94sP."Output circuit R and C"”R';FP.%F”96IN."ENTER LOAD REBIBTANCE"R I 98%D«%C* ( 7.T-+PI HRX-7.F) /2;R- I 102J PP."Return signal ratlo"”%R””9R.1 06e%E=.6915;FP. "Laser peak ratio" ” %E” ; Y===09N-19 Z=2 108IN."IB NORMALIZATION REQUIRED? Y or N"Z 110IFZ;=1THENG. 116 112%E= ( 7.P 7B ) / ( %A-%P )1Î4FP."Normal 1z1ng laser peak ratlo"”7E”116R.120mCLEAR01 22P-1)30” ” 9 IN. "ENTER M ( 1-253) R ?LO0:-^  (M + 1) 9 CLEAR49 CLEAR0 124LINKLA4DA9 % I=09%J=097P-03 %R=09 F .I« 1TO M 12671 « (?(I +C9000 )*16> •+•? < £9100-i-1 )128%j™ ( ? ( I +£9400) •* 16 ) i? <£9500+1 ) 9 %R=7R+%I/%J1 3071(?(I +£9200) •* 16) +? (£9300+1 )1 327.,:LM? < M  £9600) #16) +? (£9700+1 ) 9 7P=7P+7I/7J9N. 9 7R-7R/M 134 7P-7P/M 9P .$2”"7R ";FP-7R ”3 P ."7P ";FP.%P ”9R,
A6,3 Impédance Matohing in Signal Transmission Lines
Im pedance m a tch in g  be tw een  th e  p h o t o m u l t i p l i e r  and the  s i g n a l  h a n d l in g  
c i r c u i t ;  and between the  p h o to m u lt ip l ie r  and the  o sc il lo scope , i s  necessary 
to  avo id  s e v e re  r i n g i n g  of th e  r e t u r n  p u ls e .  P u lse  d e g r a d a t io n  o f t h i s  
s o r t ,  seen  i n  a ra is -m a tch  s i t u a t i o n ,  c r e a t e s  i n n a o c u r a c i e s  d u r in g  
measurement. Matching must take in to  account the source load impedance, Z y  
the  c h a r a c te r i s t i c  cable  impedance, Zq, an added s e r i e s  impedance, Z^, and 
th e  i n p u t  im pedance a t  th e  m e asu r in g  sy s tem , Z s h o w n  i n  th e  c i r c u i t  of 
f i g u r e  A6o1, M atching i s  a ch ie v e d  when th e  c o m b in a t io n  o f im pedances 
s a t i s f i e s  the  equation
H  = (%c + Zm)^/Zi' (A6,5o1)
Equation (A6.5.1) i s  app lied  to  a standard co -ax ia l  cable  impedance o f  Zq 
= 50jx and a v a r ie ty  of load re s i s ta n c e s  and in p u t r e s i s ta n c e s  of values 
50_a, 100/L, 500jx , Xksi and 10 l o i , where Z^ = Zj ,^ to  a l lo w  s e v e r a l  in p u t  
impedance matching c i r c u i t s  to  be made fo r  in s e r t io n  in - l i n e ,  near to  the  
s ig n a l  h a n d l in g  system . The i n - l i n e  r e s i s t a n c e ,  Z^, i s  added to  50jl  to  
bring  the  s e r ie s  r e s i s ta n c e  value to  th a t  of Zj  ^ or Z^ (only ap p lic ab le  when 
Zl = Z i) .
Lower load and inpu t r e s i s ta n c e s  a re  used i f ,  fo r  example, ta rg e t  range i s  




— w w ^
L_ u
Photomultipller 0/P  Cable l/P to Signal Processor
Figure A6,1 C irc u i t  f o r  impedance matching between d e tec to r  and s ig n a l  
handling system.
Appendix for Chapter 8
A8,1 Ravleigh S ca tte r in g  C o eff ic ien ts  
A8,1(a) Ravleigh S ca tte r in g
In  R ay le igh  s c a t t e r i n g  i n c i d e n t  r a d i a t i o n  i s  c o n s id e re d  to  e x c i t e  th e  
molecules, which then re -e m it  a t  the same wavelength. A l in e a r  s c a t te r in g  
c o e f f ic ie n t ,  q, de sc r ibes  th e  po rtion  of in c iden t r a d ia t io n  s c a t te re d  by 
a u n i t  volume i n t o  an  e le m e n ta l  s o l i d  a n g le  dw in  d i r e c t i o n  0, 
i l l u s t r a t e d  i n  f ig u re  A8.1. Thus the  c o e f f ic ie n t  i s  given by
dF s °^R,eE.dw , (A 8J .1 )
where dF i s  the  e lem ental energy s c a t te re d  in to  so l id  angle du) from a to ta l  
in c id e n t  energy E, S c a t te r in g  i s  described by a p lanar geom etric  s c a t te r in g  
f u n c t io n  y(0) and a term  Xj^  which i s  p e c u l i a r  to  th e  o p t i c a l  m o le c u la r  
p r o p e r t i e s  and t h e i r  i n t e r a c t i o n  w i th  th e  d ip o le  r a d i a t i o n  f i e l d .  The 
c o e f f ic ie n t  i s  made of these  components to  give
E q u a tio n s  (A8.1.1) and (A8.1,2) combine to  g iv e
dF = x^y(0).E.dw. (A8.1.3)
I f  s c a t t e r  i s  considered in  a two dimensional plane, assuming symmetry in  
th e  t h i r d  d im en s io n , th e n  th e  s o l i d  a n g le  e lem en t can be r e p la c e d .b y  a 
fu n c tio n  of the d i r e c t io n a l  angle 6 in  the  expression
dw = 2tv sin0,d0 sr. (A8.1.4)
E q u a t io n  (A8.1.4) i s  i n s e r t e d  i n t o  (A8.1.3) which i s  th e n  i n t e g r a t e d  to  
give the t o t a l  energy s c a t te re d  over the  whole s o l id  angle, expressed as
F = 2tc XpEJ y(e)sinG ,d0 m" . (A8.1*5)
J u s t  as the c o e f f ic ie n t  decribes  the proportion  of energy s c a t te re d
i n t o  an e lem en t  of space  i n  p la n a r  d i r e c t i o n  9, th en  a c o e f f i c i e n t  
desc ribes  the p roportion  s c a t te re d  in to  a l l  space to give
F = oC^ E ra'”'* (A8„1o6)
which i s  compared w ith  (A8.1.5) using (A8.1.2) to  give
o / r  = 2tt J  c x ! R ^ Q s i n 0 , d 0  (A8*1a7)
S ince  d e s c r ib e s  th e  rem oval o f  r a d i a t i o n  from th e  d i r e c t i o n  o f
incidence in  s in g le  s c a t te r in g ,  i t  i s  known as the  e x t in c t io n  c o e f f ic ie n t .
The o p t ic a l  in te r a c t io n  i s  given by
Xg = -  1 )2 /2 N a  m-1 ( A 3 .1 .8 )
(Kondratyev, 1959), where n^ i s  the  r e f r a c t iv e  index a t  the s c a t te r in g  s i t e  
a t  range r  and i s  the  atmospheric molecular number density . The power to  
which the wavelength param eter i s  ra ised  gives a co r re c t io n  fo r  d isp e rs io n  
although the r e f r a c t iv e  index i t s e l f  can be co rrec ted  through a s u i ta b le  
expression (R.Penndorf; K ondratyev , 1969).
The d i s t r i b u t i o n  o f  s c a t t e r e d  r a d i a t i o n  i s  g iv e n  by th e  g e o m e t r ic
scattering function, which is
y(6) = (1 + cos^e) sr°T, (A8.1.9)
T h u s , by (A 8 .1 .2 ) ,  w i t h  (A 8.1 .8 ) and (A 8.1 .9 ) t h e  c o e f f i c i e n t  f o r  
s c a t te r in g  through angle 0 i s  expressed as
^ R ,0  = “ 1)2(1 + cos^ 0)/2N ^  m” '*sr"''*. (A 8 .1 .1 0 )
The t o t a l  Rayleigh s c a t t e r  c o e f f ic ie n t  in  (A8.1o7) i s  now expressed using 
(A8.1.10) a f t e r  i n t e g r a t i o n  as
o^R = 8 7l3(n^2 _ i )2 /3 n^ X%.09 m""*. (A8.1.11)
The o p t ic a l ly  a n iso t ro p ic  s c a t t e r in g  b eh av io u r  o f  th e  m o le c u le s  te n d s  to  
in c r e a s e  s c a t t e r i n g  e f f i c i e n c y  and n e c e s s i t a t e s  th e  i n c l u s i o n  o f a 
d e p o l a r i z i n g  te rm  i n  t h e  e x p r e s s i o n  f o r  t h e  R a y l e ig h  s c a t t e r i n g  
c o e f f i c i e n t s  (P enndorf ;  F r o l i c h  and Shaw, 1980; Uchino e t  a l ,  1979)- Thus 
equation (A8.1 -1 0) becomes
^ R ,0  “ ( 7I^(n^^-1)^/2Ng^ mT^s^l (A8.1.12)
and equation (A8.1-11) becomes
o^j, = ( 8  7 T 3 ( n j . 2 _ i ) 2 / 3 H g  X'*°'’ 5 ) ( 6 + 3 S ) / ( 6 - 7 S )  m"''. (A8.1 .13)
The v a lu e  o f  the  d e p o l a r i z i n g  f a c t o r ,  5 , i s  ta k e n  a s  0.035 a c c o rd in g  to  
e x p e r im e n ta l  o b s e r v a t io n s  ( L .E lte rm ann , 1964; E.D.Hinkley; Uchino e t  a l ,  
1979).
A8.1(b) Ravleigh B,aokÆiat_ten
B a c k s c a t t e r  ( i e ,  s c a t t e r  th ro u g h  an a n g le  o f  180°) i s  im p o r ta n t  a s  th e  
p rim e  mechanism f o r  o b ta in in g  l i d a r  s i g n a l s .  A R ay le igh  b a c k s c a t t e r  
c o e f f i c i e n t  i s  o b ta in e d  from th e  a n g u la r  s c a t t e r i n g  c o e f f i c i e n t ,  
g iv e n  i n  e q u a t io n  (A8.1.10), a p p l i e d  f o r  0 = 180°. The b a c k s c a t t e r  
c o e f f ic ie n t  i s  given as
= o<R m-1sr"1 (A B .1 .1 4 )
o r ,  by using (A8.1.12),
= (T ^ ^ (n /-1 )2 /K a  \ '> '° 5 ) (6 + 3 S ) /(6 -7 S )  m - l s r ' I .  (A8.1.15)
Comparison of equation (A8.1.15) w ith (A8.1.13) gives
/3r 3 3 ckip/Sr: m"^sr'"^ (A 8 .1 .1 6 )
which allow s the b ack sca tte r  to be evaluated from the s c a t t e r  e x t in c t io n  
c o e f f ic ie n t .
Two f in a l  s teps  i n  providing a u se fu l  terra fo r  expresses the molecular 
concen tra tion , i n  terms of atmospheric p ressure  (rabar) and tem perature  
(°K) and rep laces  the  r e f r a c t iv e  index terra (n^^-l)  by one which i s  a lso  a 
fu n c tio n  of tem perature  and pressure .
A8.1(g) Atmospheric Number, Density
The atmospheric number d e n s i ty ,  i s  given by the r e l a t i o n
= K/V m“^o (A8 . I 0 I7 )
This i s  applied  in  the  id e a l  gas equation
PV = NkT, (A8.1.18)
where N i s  the  number of molecules in  volume, V, to  give
= P/kT, (A8.1.19)
Pressure  i s  converted from u n i t s  of Mra“^ to  rabar by the  id e n t i ty  
1 mbar = 100 (A8.1.20)
to  give
= 7.243 X 1o2% P^(mbar)/Tj^. (A8.1.21)
A8.1(d) Refr_active Index ,Transformation
The r e f r a c t i v e  in d ex  term  i n  e q u a t io n  (A8.1.13) i s  r e p la c e d  by a f u n c t io n  
o f  am bien t p r e s s u r e  and te m p e r a tu r e .  R e f r a c t iv e  i n d i c e s  under d i f f e r e n t  
conditions  are  r e la te d  by the d i f f e r e n t  gas d e n s i t ie s .  Thus, the  r e f r a c t iv e  
index of a gas a t  l i d a r  range, r ,  i s  given by (Kondratyev, 1969)
^ “ 1+2CUgfjnp—1) (A 8 .1 .22)
where i s  th e  gas  d e n s i t y  a t  range  r ,  /^STP th e  gas  d e n s i t y  a t
standard tem perature and p ressu re  and Ug,pp i s  the r e f r a c t iv e  index a t  STP. 
An id e a l  gas equation  i s  assumed as
PV cc NT, ( A 8 . 1 . 2 3 )
where p r e s s u r e ,  P, and volum e, V, a r e  r e l a t e d  to  t e m p e r a tu r e ,  T, and th e
number of molecules, N. The equation  i s  re -expressed  as
P cc  ypT, ( A 8 . 1 . 2 4 )
where p  i s  the  gas density . Using (A8.1.24) i n  simultaneous equations fo r  
a ta rg e t  gas a t  range r  or fo r  a gas a t  STP gives
/ ’r ^ / ’sTP ” Pr^STp/^STP^r ( A 8 .1 .2 5 )
which i s  replaced in  equation (A 8 .1 .2 2 )  to  give
n^^ = 1 + 2(ng(j»p — 1)PpTg^p/PgYp?p9 (A 8 .1 .2 6 )
Upon i n s e r t i o n  o f  th e  STP v a lu e s  Pg^p ~ 1013.25 mbar, Tg^p = 273 and 
ngTp’-l = 292 X 10'”^  t h i s  becomes
OyZ -  1 = 1.573 X l O - ^ . P p / T y .  ( A 8 . 1 . 2 7 )
A8.1(e) Aotlva_Eguatio.ns_.fQicLJRay-leJ.gh,_aQeffioienfcs
Upon s u b s t i t u t io n  o f  (A8.1.21), ( A8.1,2?) and d e p o l a r i z a t i o n  i n t o  e q u a t io n  
(A8.1.13) the Rayleigh e x t in c t io n  c o e f f ic ie n t  becomes
oCp = 9.951 X 10-7  /  X^^m)4"09Tp m” '!, (A8.1.28)
where the  wavelength i s  in  ^ra. S im ila r ly ,  equation (A8.1.12) becomes 
odp g = (5.939 X 1 0 -8 /  X(^m)%*09)(p^/T^j(i ^ oos^O) m"'*sr“ \  (A8.1.29)
dF
f
Figure A8.1 Rayleigh s c a t te r in g  o f  energy dF, through angle 0, in to  
s o l id  elem ental angle dw, from incidence of energy E, in  
Rayleigh s c a t te r in g  a n a ly s is
A8.2 lIlo_So_atJ^erlngJO-oe.f£io_lents,
AS.2(a) Mla^Saatt-fijclna
The e x tre m e ly  c o m p l ic a te d  n a tu re  o f  a tm o sp h e r ic  Mie s c a t t e r i n g  has  not 
allowed a rigorous d e r iv a t io n  of the Mie s c a t te r in g  c o e f f ic ie n t .  A use fu l  
expression  fo r  the  c o e f f ic ie n t  has been obtained em p ir ic a l ly  in  o the r  works 
(Kruse e t  a l ,  1962), I t s  form i s  p a r t l y  j u s t i f i e d  by th e  a n a l y s i s  below , 
a l l i e d  to  th e  method o f  B u l l r i c h  ( B u l l r i c h ,  1948). The f i n a l  c o e f f i c i e n t  
a r i s e s  from th e  d i s t r i b u t i o n  o f  a e r o s o l  s i z e s  and i s  e x p re s se d  f o r  th e  
s c a t t e r  in to  a l l  space.
The s t a r t i n g  p o in t  f o r  th e  a n a l y s i s  i s  a Mie c o e f f i c i e n t ,  which
describes  s c a t t e r  through angle 0, assuming sp h er ica l  p a r t i c l e s  of a s in g le  
r a d iu s ,  a. S c a t t e r  i n t o  a l l  space  by a e r o s o l s  o f  r a d iu s  a i s  g iv e n  by th e  
c o e f f ic ie n t  in  the  express ion
°^H,a “ m ™ ( A 8 . 2 . 1 )
s i m i l a r  to  e q u a t io n  (A8.1.7) f o r  R ay le igh  s c a t t e r i n g .  The e x t i n c t i o n  
c o e f f ic ie n t  a r i s in g  from s c a t t e r  by aeroso ls  w ith in  the  s iz e  d i s t r ib u t io n  
from rad ius  to  rad ius  ag i s  given by
" S  a'^^ 3 (A8.2.2)
where dN i s  the  number of p a r t i c l e s  in  the s iz e  range a to  a+da, contained 
w ith in  a u n i t  volume. This l a t t e r  qu an tity  defines  the  s iz e  d i s t r ib u t io n  i n  
te r ra s  o f  a a c c o rd in g  to  an a n a l y s i s  ta k e n  a f t e r  Junge (C.E.Junge, 1955) 
given below.
A8.2(b) Aerosol Size, Distribution
The d i s t r i b u t i o n  r e l a t i n g  p a r t i c l e  c o n c e n t r a t i o n  to  p a r t i c l e  r a d i u s ,  
assuming spheres in  a Mie model, can be applied  between n a tu ra l ly  occurring
l i m i t s  o f  r a d iu s ,  A lo w e r  l i m i t  i s  m a in ta in e d  by th e  l o s s  o f  s m a l l
p a r t i c l e s  (<0«1?j) a s  th ey  c o a g u la te  i n t o  l a r g e r  ones a s  a r e s u l t  o f
B ro w n ia n  m o t io n  c o l l i s i o n s .  G ia n t  p a r t i c l e s  OlOyu) a r e  l o s t  i n
g r a v i ta t io n a l  f a l lo u t .  The complete range of s iz e s ,  from r a d i i  o f O.OOSyj to  
20y  ^ cover  t h r e e  p a r t i c l e  c l a s s e s ;  th e  s m a l l e r  A itken  n u c l e i ,  th e  l a r g e  
p a r t i c l e s  and th e  g i a n t  p a r t i c l e s .  F i g u r e  A8.2, t a k e n  f ro m  J u n g e  
(C,E,Junge, 1955), i l l u s t r a t e s  the  d i s t r ib u t io n  and the  aforementioned c u t­
o f f s ,  according to  measurements by f iv e  methods. As the  p a r t i c l e  s iz e  range 
i s  spread over sev e ra l  o rders  o f  magnitude, the d i s t r ib u t io n  i s  defined on 
a logarithm ic  (base ten) s ca le  of rad ius. Total p a r t i c l e  concen tra tion , N, 
over a given s iz e  range i s  expressed as
N —fn(a),d(loga), (A8,2,3)
where n(a) i s  th e  c o n c e n t r a t i o n  o f  p a r t i c l e s  w i th  a r a d iu s  a. E q u a tio n  
(A8,2,3) becomes
dM = n (a ) ,d ( lo g a ) ,  (A8,2,4)
g iv in g  th e  c o n c e n t r a t i o n  o f  p a r t i c l e s  i n  a s i z e  range  im posed by th e  
e lem en t d ( lo g a ) .  T h is  i s  th e  form o f  th e  d i s t r i b u t i o n  i n  f i g u r e  A8.2, The 
l in e a r  p a r ts  of f ig u re  A8.2, over two magnitudes of s iz e ,  can be described  
by asigning a power law to  concen tra tion  of p a r t i c l e s  w ith  a genera l rad ius  
a to give
n(a) = c o n s ta n t / a ^  (A8,2,5)
Junge (C.E.Junge, 1955) has co n f irm ed  t h i s  f o r  th e  o p t i c a l  b eh av io u r  o f  
atmospheric haze, g iv ing  a value f o r  7 in  the  range 2.5 to  3.5. The model 
c o n s id e r s  p a r t i c l e s  i n  th e  s i z e  range  0.08^ to  10^. Applying e q u a t io n  
(A8.2.5) to  (A8.2.4) g iv e s
dM s Ca"^d(loga), (A8.2.6)
The in te r v a l  d(loga) i s  r e - w r i t t e n  as
d ( ln a ) /d ( lo g a )  = InlO (A8.2.7)
which i s  combined with the  d i f f e r e n t i a l
d ( ln a ) /d a  = 1/a (A8.2.8)
to give the f i n a l  express ion
dM 3 (C /ln10)a-(f+1)da m“3 (A8.2.9)
fo r  the number concen tra tion  of p a r t i c l e s  i n  the  s iz e  range a to  a+da.
A 8 . 2 ( c )  E l a _ G a m f f i o j ^ n L j i i i J i _ a i 2 L e J R i s t r l b u L l o n _ a n d _ & p e _ o t r a l _ ^
Equations (A8.2.9) and (A8,2.2) are  combined to  give the  Mie c o e f f ic ie n t  as
= (C/ln10) J  <^M,a/* * ^a. (A8.2.10)
A s c a t t e r  c r o s s - s e c t i o n  i s  d e f in e d  a s  a f u n c t io n  o f  th e  s i n g l e  r a d iu s  
c o e f f ic ie n t ,  as
K(x) = g^ /7T (A8.2.11)
Mie assumed the c ro s s -s e c t io n  to be a func tion  of only the s ize  param eter, 
( a l s o  known a s  th e  Mie p a r a m e te r ) ,  which i n t r o d u c e s  th e  s p e c t r a l  
dependence in  the  form
X = 2 r ^ a / \  Ç (A8.2.12)
Using (A8.2.11) and (A8.2.12) to  e l im in a te  the rad iu s  a, the c o e f f ic ie n t  in  
(A8,2,10) becomes
^ ^ j ( X )  = ( C r r / l n 1 0 ) ( 2 ^ / A ) ^ ” 2  j  K ( x ) / x ^ " " ^ d x ,  ( A 8 . 2 . 1 3 )
These f i n a l  s tep s  have only rep laced  the  in te g r a l  contain ing  unknown terms 
by another, a lso  contain ing  unknown terras. However, the s p e c tra l  dependence 
i s  now evident. For convenience, equation (A8.2.13) i s  r e - w r i t t e n  as
= ( C /^ / l n 1 0 ) ( 2 r ^ / x/ “ 2k (?|), (A8.2.14)
A8.2(d) T heo re tica l  Mie C o e ff ic ien t  w ith re sp ec t  to V is ib le  Ranee 
Equation (A8.2.15) can s t i l l  be taken to  a more usefu l form by re fe renc ing  
the s c a t t e r  c o e f f ic ie n t  to  one based on atmospheric v i s i b i l i t y ,  based in  
tu rn  on the  Koschmeider r e l a t i o n  (H,Koschmeider, 1926) a t  the wavelength of 
peak eye re sp o n se  a t  0 .5 ^ .  The v i s u a l  range  i s  the  d i s t a n c e  a t  which th e  
t a r g e t  c o n tra s t  equals  the  th re sho ld  co n tra s t  of the eye (B u llr ich , 1948; 
S.Q.Duntley,1948) and i s  expressed in  terms of the sum of Rayleigh and Mie 
c o e f f ic ie n ts  in
^ j , | ( 0 . 5 5 y o )  +  D < R ( 0 . 5 5 y u )  = 3 , 9 1 2 / V .  ( A 8 . 2 . 1 5 )
E q ua tion  (A8.2.14) i s  e x p re s s e d  a s  i t  s t a n d s  and i s  r e p e a te d  f o r  a 
wavelength of 0.55yu and th e  two express ions  a re  taken in  r a t i o ,  followed by 
s u b s t i t u t io n  of equation (A8.2.15) fo r  to give
= [3.912/V ~ o ^ R (0 .5 ^ ) ] [0 ,5 5 /X ^ m )]^ -2 [K (X )/K (0 ,5 ^ )] .  (A8.2.16)
This ex p r ess io n  s t i l l  c a r r ie s  the unknown q u a n t i t i e s  K()\) and Y , 
preven ting  i t s  d ir e c t  a p p l i c a t io n ,  although ^ has been p red ic ted  
e m p ir ic a l ly .  The ex p la n a t io n  and r e s u l t  (equation  A8.2.16) in  the above 
a n a ly s i s ,  serv e  to j u s t i f y  the o f t e n  quoted e m p ir ic a l  r e la t io n  (Kruse a t  
a l ,  1962) in  a form which i s  given below,
A8,2 (e ) Empirical Relation for the Mie C oeffic ient  
The re la t io n  accepted for the c o e f f ic ie n t  i s  given as
^ l ( X )  = [ 3 . 9 1 2 / V ( m ) ] [ 0 . 5 5 / X ^ p m ) ] 4  m~1, ( A 8 . 2 . 1 7 )
w here q = 0.585,V(km) f o r  V < 6 km and q = 1.3 f o r  average  s e e in g
c o n d i t io n s .  The v a lu e  of q in  e q u a t io n  (A8.2.17) would be i n  ag reem ent 
w i t h i n  th e  range  o f  v a lu e s  f o r  Y  o f  2,5 to  3.5 (C.E.Junge, 1 955) i n  
com paring  e q u a t io n s  (A8.2.16) and (A8.2.17). However, the extreme value of 
3,5 f o r  Y s u g g e s t s  a maximum range  of a b o u t 16km f o r  th e  e m p i r i c a l  
r e l a t i o n .  The e m p i r i c a l  r e l a t i o n ,  e q u a t io n  (A8.2.17), appears to  neg lec t 
Rayleigh s c a t te r in g ,  Rayleigh s c a t t e r i n g  a f f e c t s  v i s i b i l i t y  (as  shown i n  
e q u a t io n  (A8.2.15)) and sh o u ld  t h e r e f o r e  be inc luded  in  equation  (A8.2.17) 
f o r  a more r e a l i s t i c  a p p l ic a t io n  of cx'j.j. The unknown q u an ti ty  K(X)/K(0,5^) 
i s  assum ed to  be u n i ty .  This i s  p o s s ib ly  c o r r e c t e d  by th e  ad o p ted  v a lu e
of q. Thus the useful expression for the Mie coefficient is
= [3,912/v(m) -  ^R (0 .5^ )][0 .55 /X (//m )]9  m-?, (A8.2.18)
w here q = 0,585,V(km) f o r  V<10kni (com prom ise) o r  q = 1,3 under 
average seeing conditions ,
A8.2(f) Mie B acksca tte r  C o e ff ic ien t
The b a c k s c a t t e r  c o e f f i c i e n t  i s  a complex f u n c t i o n  o f  s i z e  d i s t r i b u t i o n ,  
wavelength and angle, Mie s c a t t e r  shows an in c re ase  in  forward s c a t t e r in g  
and a r e l a t i v e ly  low b ack sca tte r  i n  comparison w ith  Rayleigh s c a t t e r .  The 
R ay le ig h  b a c k s c a t t e r  c o e f f i c i e n t  was e x p re s se d  i n  te rm s  of th e  l i n e a r  
c o e f f i c i e n t  by an a n a l y s i s  which gave ag reem ent w i th  a r e f e r e n c e  of 
H am ilton  ( I 9 6 9 ), The same r e f e r e n c e  s t a t e s  a s i m i l a r  r e l a t i o n  f o r  Hie 
b a c k s c a t t e r i n g ,  one which f a l l s  w i t h i n  a range g iv e n  by o th e r  works and 
measurements (Hinkley, 1976). The r e l a t i o n , i s  given as
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Figure A8,2 Complete s iz e  d i s t r ib u t io n  of n a tu ra l  a e ro so ls ,  ( a f t e r  Junge, 1958)
A8a3 ApproxxmabinpL_a_JGaus3lan__Pulse_to__a^S_au_ar_e_F_unQtlon
F ig u re  A8»3 i l l u s t r a t e s  th e  a p p ro x im a t io n  o f  a G au ss ia n  l a s e r  p u ls e  
f u n c t io n  to  a r e c t a n g u l a r  f u n c t io n  o f  th e  same w i d t h , T , The G au ss ian  
photon cu rren t  i s  expressed as
n^* = (n 't* )e x p [~ t^ /2 '^*^3 s ” ^ , (A8,3,1)
where n^ i s  the  t o t a l  number of photons in  the pulse. The fwhm ( f u l l  w idth 
a t  h a l f  maximum) of the pulse i s  given by
t  = 2.36 V  8, (A8.3.2)
where i s  th e  s ta n d a r d  d e v i a t i o n  i n  th e  G auss ian . From e q u a t io n
(A8.3»1), when t= 0 , the peak photon c u rren t  i s
Up* = n^/ÆîŸ T'  8""1 (A8.3.3)
which becomes, using (A8.3.2)
np* = n ^ /1 o 0 6 r  8-1 . (A8.3.4)
Thus, th e  peak photon  c u r r e n t  i s  ap p ro x im a ted  to  th e  f i c t i o n  of th e  
rec tan g u la r  pulse by equating n^» w ith Pp* using (A8.3.4) to  give
n ^ ' — n^^/r s-1 (A8.3.5)
be tw een  th e  l i m i t s  o f  -  '2r/2 < t  < + Z /2 .  The e r r o r  i n  t h i s  a p p ro x im a t io n  
i s  6^)0
Figure A8.3 Approximation o f a Gaussian pulse of fwhm Z to  a 
square pulse o f  width Z  ns.
A8J» £pjivj]LluMo,n„ApMied__t,o__Funotion Transfer
The response r ( t )  of a system to  the  t r a n s fe r  of an o r ig in a l  func tion  s ( t )  
i s  expressed as  the  i n te g r a l ,  in  frequency space, of func tion  products by 
(Bennett, 1970) the expression
oo
r ( t )  g y  H(w) . 8 (w)exp[ jw t]dw , (A8.4.1)
—06
where S(oo) i s  the Fourier transform  of s ( t ) ,  denoted by
S ( to )  - J ^ s ( t ) ,  (A8.4.2a)
which i s ,  in  tu rn ,  given by
cO
S(^) S y  s ( t ) e x p [ - jw t ]d t .  (A8.4.2b)
The inverse  transform i s  expressed as
s ( t )  = 9 - S(w); (A8®4.3a)
given by
CO
s ( t )  = J  S(w)exp[jwt]du> , (A8.4.3b)
The response of the system in  the  time domain i s  r e la te d  to  i t s e l f  in  the 
freq u en cy  domain v i a  th e  i n v e r s e  F o u r ie r  t r a n s fo rm  o f  th e  same form as  
(A8.4.3b) to  g iv e
r ( t )  = J^R(w)exp[jwtjdto . (A8.4.4)
~ o O
In  com paring (A8.4.4) w i th  (A8.4.1) th e  t h r e e  f u n c t io n s  R M , H(w) and S(w) 
are  r e la te d  by
R M  = H (w ) .8 M . (A8.4,5)
This i s  expressed, using the  form o f  (A8,4.2a), as
^ r ( t )  = ^ H ( t ) . ^ s ( t )  (A8.4.6)
which i s  a convolution of the  t ra n sm it te d  func tion  s ( t )  w ith  the  t r a n s f e r  
func tion  H(t) to  give the  f i n a l  function , r ( t ) .
A8.5 Fourier_ïran3CGrm_aC_a_Relta_Euaatlom
The d e l ta  func tion  i s  g iven by the  in te g r a l  (Bennett, 1970)
oO
è  i t )  = J^exp[jk t]dw  o (A8o5*1)
*-o6
The Fourier transform  of the d e l ta  func tion  i s  sought by applying the  ru le  
o u tl in ed  in  appendix A8.4, equations (A8.4.2), g iv ing
oo Co
3" ^ ( t )  s j ~ exp[ jcot],exp[»jwt]dw d t (A8*5.2a)
“p6 -o4>
with the r e s u l t
( t )  = 1o (A8.5.2b)
A8.6 MSIC-P.rograw. L is t in g  fo r  the  Modelled L ldar Return
5 REM RUMS I ANT!:)
1 0 %C= 2.998*10'8 15 6.626*l0~-34
2 0  %G= i . 6 0 2 * l 0 ~ ^ ^ 9  150 REM IMI'UTS 160FINPU T"T'ULBE PWl IM "%T 170fFtNPU1 "PULSH ENERGY "%E 175PINPU I "NAVELENGTI KMI)"%W ■1S0PINPUT’TRANS. EFE. "%U 190EINT'UT’’MIRROR AREA "7.A 200FINPUT"MIRROR REEL. ”%S 2 1 or • I NI 'U T ” F 11..TER TRANS. ” %F 229T-1NPU T ” P -M . Q . E " %K 230INPUT”P-M GAIN ”0240INI UT”P M LOAD RESISTOI\' ”R250INPUT”A r TfOS. PRESSURE ”P 260INPU l "A! IDIENT IEMP ” t 270FINPUT”AI3S X~SECTION, GAS”XX 200 DIM VV(255); DIM NM(255)300 REM VIS AND CDNC 310 D-0320 P.”ENTER RANGE ELEMENTS WITHIN”D ” 10 255” 330 P .”STARTINO AT”B ;A^B;P.”335 I NT'UT’’END I NO AT ”B340 INPUT”VIS IN THIS RANGE "V350FINPUT”CDN IN HIE RANGE ”%N360 TOR S-A TO B370 VV(S)«V ; NN(8)=%N
300 NEXT B390 IF S<255 THEN G.320 1000 CLEAR41010 MOVE 0,10 ; DRAW 256,10 1020 MOVE 10,0 # DRAW 10,192 1030 MOVE 10*101500 %R^01510 %Z^01520 %Y^02000 FOR J=0 TO2100 GOSUBj2110 GOSUBr2120 GOSUB,H2130 GOeUBb2140 GOBUBd2150 GOSUBe2160 GOSUBn2170 GOSUBB2180 OOSUBp2190 GOSUB12200 DOSUBv3000 DRAW (JM0)3500 NEXT J4000 END
'1500 J 14:11 l îANGE ACCÜMALA ]'I (DM '1510 %R- 1 I (0.5K%CK%TKJ)•1520 RE I (DT:;N5000I- RI:DI RAYLEIGH CGETE. (/H)
5 0 1 0  %J = ( 9 .  9 5 i  K 1 0  ' - 7 ) * . ( P / T ) /  ( %W 4 . 0 9 )5020 RETURN5050m TÏEN NIE COEFFICIENT </M)5060 %N::0.55; GOSUBr 5065 V=VV(J)5070 ( V '. 3333 ) * „ 5055075 %W^.30O5000 %IT::' ((3.912/(1000*V) ) - % J )*((, 55/XN ) ' %0 )5090 RETURN5100b REM DACKSCATTER COEF(/M)5110 GOSUBr ;GOSUBm 5120 %B - 1.5K T  0.5*%M 5130 RETURN5150d REM DETECTION ET'FKDIENCY 5160 %D=2*%9*%F5170 RETURN5200e REM LASER ENERGY(MILLIJ)5210 %L=(%W*%Ë) / ( ( 10■•■•6) M%UK%C)5220 RED URN530011 REM POLLUTANT CONC 5305 XNNDTKJ)5310 %N:=' (7. 24307K 10 10) K%N*P/T 5320 RË TURN5400Ü REM ATTENUAI ION,SCATTER 5410%Z=%Z+(%JI%MI#(.5*%TM%C)5420 %U^EXP(-2*%Z)5430 RETURN5500P REM ATTENUATION,ABSORP.5510 %Y=%YT(%NK(.5#%C#%I>)5520 %P=EXP(-2*%X*%Y)5530 RETURN60001 REM PHOTON CURRENT6010 % I ( %L K %B K %C k %A*%O K %D*%U*%P ) / ( 0 H PI H ( %R '2 ) > 6020 RETURN
6 0 5 0 V  REM 0/P VOLTAGE, APPROX 
6 0 6 0  %V™%KK%G*G*R#%I6070 RETURN
Appendix for, Chapter__9 
A9.1 Ga3__GonoentrafclQJi as. a. Funotion_-of__Pre.g^ur,e
A t a r g e t  gas c o n c e n t r a t i o n  i n  S»I u n i t s  i s  a number d e n s i t y  (m”^). I t  i s  
usual to  express the  concen tra tion  of a t ra c e  gas in  the  atmosphere as the  
number of p a r ts  per m il l io n  of a i r  (ppm). The macroscopic p ro p e r t ie s  of a i r  
a t  1 a tm o sp h ere  and t y p i c a l  t r o p o s p h e r i c  te m p e r a tu r e s  a r e  r e a so n a b ly  
described  by the id e a l  gas equation, given as
PV = NTk (A9,1o1)
w here N i s  th e  number o f a i r  m o le c u le s  i n  volume V, a t  t e m p e ra tu re  T and 
p r e s s u r e  P. The a i r  m o le c u la r  number d e n s i ty  a t  a p o s i t i o n  i n  th e  
atmosphere given by range r  i s  thus described  from equation (A9»1«1) as
N/V = Pp/kT^ m“^o (A9o1o2)
I f  N(ra”^) i s  the  ta r g e t  gas average density  a t  range r ,  then the  density  in  
ppm i s  given by
N* = (N X 10^)/(N/V) ppm, (A9.1,3)
which becomes, on s u b s t i tu t io n  of (A9«1,2),
N* = NkT  ^ X 10^/P^ ppm, (A9,1,4)
In t h i s  equation, P^ i s  given in  u n i t s  of Km'“^ but i t  i s  usual to  express 
a tm o s p h e r ic  p r e s s u r e  i n  u n i t s  o f  mbar (where 1 s ta n d a rd  a tm o sp h ere  = 
1013*25 mbar) u s in g  th e  c o n v e r s io n  1 mbar = 100 Nm“ ^, In  c o n v e r t in g
e q u a t io n  (A9.1,4) and s u b s t i t u t i n g  th e  v a lu e  of th e  B oltzm ann  c o n s ta n t  k, 
i t  becomes
N» = N(m"3)Tj^(OK)/7«24307 X 10**^ P^(mbar) ppm. (A9*1*5)
In  some c a s e s  i t  i s  c o n v e n ie n t  to  e x p re s s  p r e s s u r e  i n  u n i t s  o f  t o r r .  For 
p r e s s u r e  e n te r e d  i n  mbar, e q u a t io n  (A9*1»2) i s  e v a lu a te d  a s  th e  number 
density
N/V = 7.24307 X 1024 P(mbar)/T(®K) m"3. (A9.1.6)
The equ ivalen t fo r  p ressure  in  t o r r  i s
N/V = 9.6566 X 1o2% P(to rr) /T (°K ) m'^. (A9.1.7)
A9.2 Variation_j;:if_Pre8sure_w:lth__HeishL
The v a r i a t io n  of atmospheric p ressu re  w ith  height fo llow s the  barom etric  
equation
P(h) = Pg.exp[-Mgh/RT], (A9.2.1)
where M i s  the  weight o f  one mole of a i r ,  given by
M = STP (A9.2.2)
where / ’g'jp i s  th e  a i r  d e n s i t y  a t  STP. In  g e n e r a l  th e  d e n s i t y  i t s e l f  
d e c r e a s e s  w i th  p r e s s u r e .  The volume o f  th e  one mole of a i r  a t  STP i s  V^
g^p; l e .  22.4 1. E q u a tio n  (A9.2.1) i s  e v a lu a te d  (u s in g  th e  v a lu e s  y ’gTP = 
1.293 kg.ra“ 3, R = 8.314 J / ra o le ,d e g ,  g = 9.8 ms” ^) to  g iv e
P(h) = Pg.exp[-0.034 h /T ). (A9.2.3)
Figure A9.2.1 shows v a r ia t io n  of p ressu re  w ith  height fo r  a tem perature  of 
283°K and a Pg v a lu e  a t  ground l e v e l  o f  1013 mbar, th e  av erag e  w orld  s e a -  
le v e l  pressure . The sea le v e l  p ressu re  has a world v a r ia t io n  of about 980 
to  1040 mbar ( F le a g le  and B u s in g e r ,  An I n t r o d u c t i o n  to  A tm ospheric  
Physics), The percentage v a r i a t io n  from the  assumed average i s  deduced from 
e q u a t io n  (A9.2.3) t o  g iv e
AP55 = 100(1 -  expC-0.034 h/T]) (A9.2.4)
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Figure A9.1 V aria t io n  o f  atmospheric p ressure  w ith  height
A9o3 Program Listing (BASIC) Distinct Wavelength n"/n" vs
1 REM DISTINCT WAVELENGTH2 REN CONC VS RATIO 5 T‘‘, •' ■' '10 P."RETURN RATIOS IN S02"'20 P."CONCENTRATION RANGES"''30 P . "40 P."ENTER THE START "50 P."AND END POINT "60 P."CONCENTRATIONS FOR "70 P."THE DESIRED RANGE."'00 FINPUT %S; P.'90 F INPUT %E; P.'100 P."ENTER THE CONCENTRATION INCREMENT" 110 F I NPUT 7.H? P.'1 20 T- . " * N * # % * K K M K M * N * K K & "200 REM CONSTANTS210 %C- 2.99*10 G220 %A= 9*10 -24230 %T=: 37024 0 %F:--7. 24* 10 ' 18250 7.F« 32*10 -9260 %P= 1013270 %L= 0.6915300 REM HEADING310 P ."CONC(PPM) RA T 10"''350 REN CALCULATION LOOP360 %N=%9 ; GOS.r370 DO %N==%N4%M300 GOS.r390 UNTIL %N>=%E400 END
500r %R«= %L*EXP(%K*%C*%F*%A*%P*%N/%T)550 FP.7.N," ",%R'600 RETURN
A9.4 Program Listing (BASIC) Mixed Wavelength vs N'
>L. 1 REEM MIXED WAVELEEMGTM
2 REM GGNC.VS.RATIO VS.P 5 P.'''1.0 P. "RETURN RATIOS IN S02"'20 P."CONCENTRATION RANGES'"25 P. "AT DIFFERENT CELL P.'"'30 P."*****************#**"''40 P."ENTER THE START "50 P."AND END POINT "60 P."VALUES FOR "70 P."THE DESIRED RANGE.'"75 P."CONCENTRATIONS '"
00 F I NPU T 7.B 90 F I NPU T 7.E 92 P. "CEELL PRESSURES"'94 INPUT X 96 INPUT Y 100 P ."ENTER THE INCREMENTSs"'105 P ."CONCENTRATION:"'110 F I NPUT 7.H112 P."CELL PRESSURES '"115 I NT or J; P. '1 20 P « " N N N K N M H M N ** N ****** ** X M K *### K H H K -H  * " ' ■-
200 REM CONSTANTS210 %C= 2.99*10'O220 %I= 27.5Hl0~-24225 %J= 10.5*10 -24230 %T= 370240 %X" 7.24*10 -10245 %Y--9.657 *10 24250 %F^ 32*10---“9260 %P= 1013265 %K= 0.0270 %L« 0.6915275 %Z« 0.01200 %M= 2.36205 T=^  203300 REM HEADING310 P . " CELL P ( TORR > CONC < PT I I > RAT 10 " ' '350 REM CALCULATION LOOP360 P«X i]370 DO P::=P! J 300 P.'P 305 %N=%S-%H 390 DO 7.N-7.Nr7»H 400 GOS.p 410 GOS.r 420 UNTIL %N>"%E 430 UNTIL P>=Y 450 END500p %A=%K*EXP (7.Y*7.M*7.I H7.Z KP/T)510 %B-%K*EXP(%Y*%M*%J*%Z*P/I)520 RETURN600r 7-0'= 7.X H 7.P H 7.N/7.T610 %R«= ( %A*%L*EXP ( -% I *%0*%C*%F) ) ♦• (7.B*EXP < * 7 . 0 *7.C*7.F ) ) 620 %R==%R/ ( (%L*EXP (-%I*%0*%C*%F) > fEXP <~7.J *7.0*7.C*7.F) )630 FP. " "7.N" "7.R'640 RETURN
A9.5 Program Listing (BASIC) S/N ratio vs Cathode CurrenL_at Bandwidth
> L .  .10 P. "S/N VS CATHODE (§ BANDWIDTH'"
2 0  P - " Ï ! ! S S g 5 Ï S ! g Î ! ! S 5 S 8 8 8 S 8 ! g S S '30 P."ENTER THE RANGE OP LOAD RESISTANCE VALUES'" 
n 0 f • INPUT "START(>0)"%9 50 rINPUT "END "7.E60 P."ENTER INCREMENT OP R'"70 PINPUT %H75 P."ENTER RANGE OP CATHODE CURRENT'"00 PI NPUT "START "7.x 02 PINPUT"END "%Y 05 7-Y=7.YH 10-1O90 P."ENTER X FACTOR OF CATHODE CURRENT '"95 F I NPUT 7.J? P. '100 REM CONSTANTS 110 %0= 1.6*10 --19120 %G= 10 -6 130 %I= 6.3H10--11 150 %C= 335* 10 ••-• 12190 P."BANDWIDTH(HZ) LOAD R S/N RATIO CATHODE I200 REM CALCULATIONS 210 7.R="=7.S-7.H 220 DO %R=%R+%H222 FP.7.D" ",%R"223 %K=%X/%J 225 DO %K=%K*%J 230 GOS. Ic232 %A=%K; %A^%A*10 10 235 UNTIL 7.A >=7.Y 237 P.'240 UNTIL %R>=%E 250 END300k %B= 1 / (2*PI *7R*7.C)310 %9= %K/SOR%(2.0*%Q*%B*(%K4%I))320 FP. " "%S, " "%TC330 RETURN
A9,6 Program Listing (BASIC) Distinct WavelenRth DIAL,Errors
i.| ,
10P."DISTINCT WAVELENGTH".lSr\ " DIAL ERTTOR" '20Pn "■**** X H K M N K N " " ='30P-"ENTER RANGE OF CATHODE CURRENT'"40 F INPUT"START"XX 50 F INPUT"END "%Y 60 %Y=%Y*10^1070 P."ENTER X FACTOR OF CATHODE CURRENT '"00 F INPUT %J;P.'
90 P."ENTER RANGE OF CONCENTRATION'"100 FINPUT"START(>0)"%S 110 F INPUT"END "%F120 P-"ENTER INCREMENT OF CONC.'"130 FINPUTXH200 REM CONSTANTS210 1.6*10-19220 XC= 335*10^-12230 R= 100240 %!''= 6.3*10'--11250 %M= 1270 REM HEADINGS
275 P. "CATHODE I CONC. (PPM) CONC. ERTÎÜR (PPM) "310 %K=%X/%J320 DO XK"XK*XJ330 FP.''%L340 %N=%S-%H350 DO %N-=%Ni %H360 GOS.r370 GOS.p300 GOS.e •305 GOS.d390 ONT ÎL %N>=%F400 %A-%K*10- 10410 UNTIL %A>=%Y430 END450d FP." "%N" "%E'455 RETURN500r- %R='0. 6915HEXP ((-1.71 * 10"-3) *%N)505 RETURN510p %F :: SOR ( %K* ( 1 f XR ) f X I * ( 1 ■<- ( XR "2 ) ) )520 %B=1/(2K PIH R*XC >530 %P=%P*((100MSQR(2,8*%W*XB))/((SORXM)*XlO )535 RETURN540e XE>-505.05KXP/XN
A9o7 Program L is t in g  (BASIC) Mixed Wavelength DIAL Errors 
NB« Lines 340 and 350 are  a l te r e d  fo r  the desired  data increment.
>L.
1.0 





1 1 0 




220 230 240 270 
200 300 310 320 340 350 360 370 300 400 
410 420 430 435 440 450 460 470 500 600a 610 620 630 640r 650 660 670 700Ü 710 720 730 750e 760 770
P. " MI XED WAVELENG T H DIAL EPTtOR " '
"  «• H- K *• K K H- H- K- H- H- H K K H K -H- M- *  H *  N H K K H M H " '  '
P-"ENT ER RANGE DP GAIHODE CURRENT P Il'IPUT "START "XT- PINPUT"END "XG %G=XGN10'1OP."ENTER X FACTOR OF CATHODE CURRENT'" F1NPUTXJ9P.'P. "ENTER RAIslGE OF CONCENTRATION'"F INPUT"START(>0)"XD F INPUT"END "XOP."ENTER CONC. INCREMENT'"FINPUTXH5P.'P. "ENTER RANGE OF ABSORPTION CELL PT^ESSURES" FINPUT"START"XX F INPUT"END "XYP."ENTER INCREMENT OF CELL PRESSURE'" FINPUTXZTTEM 
XG^ X9= 
XM== XI = REM
CONSTANTS 1.6*10 "19 4.75*10'6 16.3*10-"-li HEADINGS P."CATHODE I X O XF/XJ .DO XF>XK*XJ FP. "  XL XN=XD/XH DO XN«XN*XH FP. ' "XP=XX-XZ DO XP=XP+XZ GOS. a GOS.r GOS. u GOS. e GOS.p UNTIL UNTIL
COI\IC (PPM) CELL (4ÎESSUTÏE CONC. ERR"
XN'
XP>=XY XN>=::XO XL-XK*10 10 UNTIL %L>=XQ ENDREM CELL COEFFICIENTS XA=* 0.O*EXP(-0-02215*XP)XB=: 0 « O H EXP ( -0 « 0 1 490*XP )RETURNREM SIGNAL RATIO FTiOM CONC. MEASURETIENT XR=: (0. 691S*XA*EXP(-0. 00522*XN) ) i (XB*EXP(-0. 0035l*XN) > XR=XR/(<0.6915*EXP(-0.00522*XN))i(EXP(-0.00351*XN))) T'<ETURN TÂEH RATIO ERROR XU=SQR ( XK* ( 1 rXT^  ) +XI * ( 14 ( XR--2 ) ) )XU=XU*((100HSOR(2,G*Xa*XS))/((SORXM)*XK))Tv'EIURN%E=(XB-XA)*XR/((XR-XA)* (XB-XR))XE“XE*XU*5G5-GS/XN RETURN "XP" "XE"S00pFP." 010 RETURN
Appendix fo r  Chapter 10 
A10.1 C a l ib ra t io n  of the  SO^  Absorption Cell 
A10,1(a) Non-automatio C a l ib ra t io n
The SOg a b s o r p t io n  c e l l ,  w i th in  th e  l a s e r  c a v i ty  (d e s c r ib e d  i n  s e c t i o n  
5.5), i s  f i l l e d  w ith  80g to  a p a r t i a l  pressure  of P ( to rr )  a t  a temperature 
of T(°K). The v a lu e  of th e  r a t i o ,  P/T, i s  e n te r e d  i n t o  th e  a n a l y t i c a l  
r o u t i n e  of th e  s i g n a l  p ro c e s s in g  program. The P/T v a lu e  a t  th e  t im e  o f  
f i l l i n g  o f  th e  c e l l  may n o t  a p p ly  a t  a l a t e r  t im e  due, p o s s ib ly ,  to  any 
re a c t io n  which may remove or add gaseous SO2  to  the contents. An apparent 
i n c r e a s e  i n  th e  deg ree  o f  a b s o r p t io n  o f  th e  r a d i a t i o n ,  in  th e  co u rse  o f a 
run o f  la s e r  pulses , suggests  a p h o to ly t ic a l ly  enhanced re a c t io n  which may 
promote production of gaseous SOg. The inc rease  in  absorp tion  w ith  number 
of pu lses  i s  shown in  f ig u re  A10.1 which shows the  reduc tion  in  p u ls e -p a ir  
r a t i o ,  n’/ n ”, u n t i l  abou t 80 p u ls e s  have p a ssed  th ro u g h  th e  c e l l .  I t  i s  
necessary, th e re fo re ,  to opera te  the  l a s e r  through the c e l l  fo r  a t  l e a s t  80 
pulse p a i r s ,  immediately before any measurements a re  taken.
To acc o u n t  f o r  any v a r i a t i o n  i n  e f f e c t i v e  P/T r a t i o ,  a c a l i b r a t i o n  
p ro ced u re  i s  c a r r i e d  o u t  to  s e t  P/T by m easu ring  th e  DIAL s i g n a l  r a t i o ,  
nVn”, a t  zero  ambient SOg concen tra tion  or, more conveniently , tak ing  the 
la s e r  output energy r a t i o  (DIAL p a ir ) ,  %P, The a lgorithm  which i s  employed 
to  g iv e  P/T i s  d e r iv e d  from th e  c e l l  a b s o r p t io n  c o e f f i c i e n t s ,  a and b, 
applying a t  the XeCl^ l a s e r  wavelengths and X g  re sp ec tiv e ly .  Assuming 
no a b s o r p t io n  by SOg over th e  l i d a r  range  ( to  a t a r g e t  and back to  the  
re c e iv e r  over very sh o r t  range), the received  r a t i o  i s  given by
nVn* = (an^ + bng)/(n^ 4- ng). (A10.1.1)
E q u a t i o n  (Al 0 .1 .1 )  i s  a l s o  o b t a i n e d  by s e t t i n g  t h e  a v e r a g e  SOg 
concentra tion , N^, to  zero in  equation (9-5.3), which comes from a r a t i o  of 
l i d a r  e q u a t io n s  f o r  two p u ls e s  i n  DIAL. E q u a tio n s  (5.5-3) and (5.5.4) 
express  a and b so th a t  equation (AID,1.1) becomes
nVn" = Kexp(-9.657X1Q2^ /4 x P /T )(n ^ /n g )  -j. Kexp(-9-657X10^^ <fg ^ x P / T )
-s- (n^/ng + 1). (A10 .1 .2 )
T ab le  9,2.1 g iv e s  th e  v a lu e s  o f  c o n s t a n t s  and a b s o r p t io n  c o e f f i c i e n t s  so 
th a t  equation (A10.1.2) becomes
nVn" = 0.473 C0.6915exp(-.6.2675P/T) + exp(-4.2162P/T)]. (A10.1.3)
Equation (A10.1.3) a llow s f ig u re  Â10.2 to be p lo t te d  to show the P/T value 
to  be s e t  f o r  a m easured r e t u r n  s ig n a l  r a t i o  nV n” ( e q u iv a le n t  to  ^P) in  
th e  absence  of any am b ien t  SOg ( i e .  to  g iv e  a z e ro  c o r r e c t i o n ) .  F ig u re  
A10.2 i s  used ou tw ith  the micro-computer-programmed a n a ly t ic a l  rou tine  to 
s e le c t  the P/T value. The unmodified l a s e r  spectrum peak wavelength r a t i o ,  
n ^ /n g ,  i s  s e t  a t  0.6915 (g iv e n  i n  t a b l e  4 .9 .3 ) ,  f o r  th e  purpose of th e  
c a l i b r a t i o n .  This  v a lu e  o f n^ /ng i s  used i n  th e  t a r g e t  SOg c o n c e n t r a t io n  
a lg o r i t h m s  i n  th e  DIAL a n a l y t i c a l  program g iv e n  i n  append ix  A6.2. For 
f u r th e r  improvement in  accuracy, the constant K, accounting f o r  lo sse s  by 
the  c e l l  windows would be e lim in a ted  i f  an empty c e l l  (no SOg) i s  used a t  
the  l a s e r  output, i n  the " c e l l  out" position ,
A10.1(b) Automatic C a l ib ra t io n  (Proposed)
The c a l ib ra t io n  procedure cannot be automated unless  an i t e r a t i v e  method i s  
a p p l i e d  to  s o lv e  e q u a t io n  (A10.1,2) fo r  P/T, f o r  which t h e r e  i s  no
a n a ly t ic a l  method. In  t h i s  case, th e re fo re ,  the c e l l  would be c a l ib ra te d ,  
p e r  d a t a  a c q u i s i t i o n  s e q u e n c e ,  by u s i n g  th e  l a s e r  o u t p u t  e n e r g y  
m easurem en ts  used  f o r  p u ls e  energy  n o r m a l i z a t io n ,  in  th e  d a ta  a n a l y s i s  
ro u tin e  (appendix A6,2, v a r ia b le  JJP),
A10-2 Target Ranging C a l ib ra t io n  Method
Triggering of the o sc i l lo g ra p h  t ra c e  must be c a l ib ra te d  to coincide w ith  
the tim e a t  which the l a s e r  pulse i s  em itted , compensating fo r  the temporal 
discrepancy in troduced between th i s  event and the occurrence of the "time 
0" synchron isa tion  pulse of the  l a s e r  t r ig g e r  u n it .  To t h i s  end, the "time 
0" pulse  i s  used to  t r ig g e r  tim e-base A of the o sc i l lo sco p e ,  where timebase 
B s t a r t s  a f t e r  A v i a  an a d j u s t a b l e  d e lay  (B s t a r t s  a t  A t a f t e r  A). The 
l i d a r  r e t u r n  s i g n a l  i s  d i s p la y e d  on ch an n e l  B and can th e r e f o r e  be 
c a l ib ra te d  fo r  range.
C a l ib ra t io n  i s  done by "bouncing" a l a s e r  pulse o f f  a ta rg e t  which i s  a t  a 
known d i s t a n c e ,  so t h a t  th e  t i m e - o f - f l i g h t ,  t p ,  can be p re d ic te d .  The 
s i g n a l  i s  d is p la y e d  on ch an n e l  A ( i e .  un c a l i b r a t e d )  and th e  t im e  be tw een  
th e  t r a c e  i n i t i a t i o n  and the  p u l s e ,  t ^ ,  i s  m easured. The d e lay  t im e .  A t ,  
between timebases A and B i s  s e t  according to  the  d iffe ren ce  given by
A t = t „  -  tp ,  (AIO.2,1)
The l i d a r  s igna l i s  now displayed on channel B,
A l t e r n a t i v e l y ,  a d e lay  l i n e  i s  i n s e r t e d  i n  the  p a th  of the  s y n c h r o n is in g  
pulse which i s  used to  t r i g g e r  the  o sc il lo scope , so th a t  i t  t r ig g e r s  a t  the 
time a t  which the  l a s e r  pu lse  leav es .
A10.3 Relation between Pho tom ultip lie r  Cathode Peak Current and Measured 
Voltage Peak: fo r  the purpose o f  c a lc u la t io n s  
The ph o to m u ltip lie r  cathode peak c u rre n t ,  i^ ^ , of a pulse of fwhm s and 
charge Q, i s  given by
ij^^ (A10-3.1)
The maximum voltage  peak of a s ig n a l  a t  the end of a s igna l cable  from the 
pho tom ultip lie r  output i s  g iven by
Vpk < R^Q.G/t, (AIO.3.2)
where i s  the  load impedance, G i s  the p ho tom ultip lie r  ga in  and t  i s  the 
fwhm of th e  m easured  p u ls e .  Combining (A10,3«1) and (A10,3.2) g iv e s  th e  
lowest peak cathode c u rren t  as
^k1 rain “ ^pk^^%®* ^k* (A10.3.3)
V alues  a r e ,  t y p i c a l l y ;  G = 10^, = 100ns, t  = S/ s^, The lo a d  r e s i s t a n c e  i s
v a r i a b l e  b u t  a l o a d  o f  R^ s 10kji- h a s  b e en  e m p lo y e d  i n  t h e  DIAL 
e x p e r im e n ts .  Thus, f o r  a weak DIAL s i g n a l ,  g iv in g  a peak v o l ta g e  o f a b o u t  
lOmV, the peak cathode cu rren t  i s  of the  order of 10” ^®A, A s tronger s ig n a l  
of around lOOraV a r i s e s  from a peak photocathode cu rren t  of about 10”^A,
A10.4 Theoretical DIAL Aoouraov Applied to Experiments
AIO.4,1 C aloulation of E rrors  in  DIAL Measurement, using Figure 9 ,7 .2  
The c a l c u l a t i o n  i s  s p e c i f i c  to  s u b - s e c t io n  10,2,4 and f i g u r e  10,2,2. The 
accuracy i s  based upon the accuracy of the weaker of the two DIAL s igna ls .  
Figure 10.2.2(a) i s  p lo t te d  from data obtained w ith  r e l a t i v e ly  weak pu lses  
so a p h o toca thode  c u r r e n t  o f  10“ ^^A peak i s  c o n s id e re d .  O ther r e l e v a n t  
p a ra m e te r s  a r e  m = 2 0 , range r  = 40 and a c o n c e n t r a t i o n  mean o f  N» = 43 
ppm. F ig u re  9.7 .2 , p r e d i c t i n g  m easurem ent e r r o r ,  g iv e s  AN* = 380% f o r  a 
4.8m range in te rv a l .  Applying t h i s  to  f ig u re  10.2.2(a) g ives  an uncer ta in ty  
of AN’ = *20 ppm,
A s i m i l a r  c a l c u l a t i o n  i s  made f o r  th e  c o n c e n t r a t i o n  mean o f  42 ppm in  
f i g u r e  1 0 .2 . 2 (d), b u t  f o r  ra = 1 0  and based on a s t r o n g e r  s ig n a l  a t  1 0 ” ^A 
peak, to give AN* = *7.7 ppm.
A10.4.2 C aloulation  o f  D etection L im its , using Figure 9 .8.1 
Figure 9,8.1 gives d e tec t io n  l i m i t s ,  app lied  to  measurements of SO2  shown 
i n  f i g u r e s  1 0 .2 .2 (b) to  (d ) ,  o f  3 0 0  ppm.ra, g iv in g  7 . 5  ppm when r  = 40m, 
Figure 9 .7 . 2  i s  used fo r  the  weaker s igna l applying to  measurements shown 
in  f ig u re  1 0 .2 .2 (a) to  g ive 600 ppra.m, r e s u l t in g  in  15 ppm d e tec t io n  l im i t .
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Figure Al0,2 Calibration plot for the sulphur dioxide absorption cell 
P/T vs %p (laser output energy ratio)
